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Preface 


Over  the  past  few  years,  the  use  of  aircraft  in  what  can  be  termed  long  range  and/or  long  endurance  operations  has  proved  to  be  a 
successful  use  of  military  resources.  Operations  such  as  tactical  strikes  mounted  from  bases  thousands  of  miles  away,  to  the  use 
of  long  endurance  patrol  aircraft  over  either  the  battlefield  or  the  maritime  environment  demonstrate  the  ability  now  contained 
in  the  NATO  operational  forces.  The  use  of  military  airlift  to  position  forces  where  they  are  most  needed  clearly  is  another 
operation  where  the  range  and  endurance  of  the  aircraft  are  pivotal  to  the  success  of  the  operation. 

Technologies  which  improve  the  range  and  endurance  of  aircraft  have  seen  considerable  advances  over  the  past  ten  years. 
Aircraft  design  for  these  features  has  mamred  considerably  while  the  procedure  of  air-to-air  refuelling  has  made  global 
deployment  and  24-1-  hour  operations  a  reality.  While  not  generally  perceived  as  long  range  aircraft,  the  possible  range  and 
enduremce  of  fighters  (both  subsonically  and  supersonically),  V/STOL  aircraft  and  even  rotorcraft  have  improved  considerably 
over  the  last  generation  of  vehicle  design. 

With  the  current  requirements  to  fly  farther  and  longer,  this  Symposium  was  conceived  to  summarize  the  latest  technological 
advances  in  the  various  fields  which  in  a  combined  manner  define  the  range  and  endurance  of  airborne  vehicles.  The 
Symposium  was  divided  into  four  specific  elements; 

•  airframe  design  technologies,  including  aerodynamics  and  structures, 

•  propulsion  technology, 

•  the  human  factors  problems  associated  with  tliese  types  of  missions  and, 

•  air-to-air  refuelling  technologies  and  procedures. 

The  Symposium  was  opened  by  two  Keynote  Addresses,  the  first  by  M.Gen  Breeschoten  of  the  Royal  Netherlands  Airforce 
which  described  a  military  perspective  on  long  range  and  long  endurance  operations,  and  the  second  by  Burt  Rutan  of  Scaled 
Composites  Inc.  which  described  the  variety  of  technological  and  human  challenges  involved  in  the  record  breaking  flight 
around  the  world  of  the  Voyager  aircraft. 


PrMace 


Au  cours  des  demieres  annees,  le  deploiement  de  I’aviation  pour  des  missions  dites  a  longue  distance  et/ ou  de  longue  duree  a  ete 
une  reussite  du  point  de  vue  de  I’utilisation  de  ressources  militaires.  Des  operations  lelles  que  les  frappes  tactiques  lancees  a 
partir  de  bases  eloignees  de  milliers  de  kilometres  de  la  zone  de  I’objectif,  ou  le  deploiement  d’avions  patrouilleurs  a  longue 
distance  soit  au  dessus  du  champ  de  bataille,  soit  en  milieu  maritime,  montrent  les  capacity  actuelles  des  forces  operationnelles 
de  rOTAN.  L’emploi  du  pont  aerien  militaire  pour  positionner  les  forces  de  fa^on  optimale  foumi  un  autre  exemple  d'une 
operation  oil  I’autonomie  et  I'endurance  de  I’aeronef  sont  cardinales  pour  la  reussite  de  la  mission. 

Les  technologies  susceptibles  d'apporter  une  amelioration  du  rayon  d’action  et  de  I'endurance  ont  progresse  considerablement 
au  cours  de  la  demiere  d^ennie.  La  conception  des  avions  dans  ce  domaine  a  connu  un  developpement  significatif,  tandis  que  la 
technique  du  ravitaillement  en  vol  a  permis  le  deploiement  global  vingt  quatre  heures  sur  vingt  quatre.  Bien  que 
traditionnellement,  ils  ne  soient  pas  consideres  comme  des  avions  a  grand  rayon  d’action,  la  distance  franchissable  et 
I'endurance  des  avions  de  combat  (tant  en  subsonique  qu’en  supersonique),  des  avions  V/STOL  et  meme  des  aeronefs  a  voilure 
toumante  se  sont  ameliores  au  cours  de  la  demiere  generation. 

Pour  tenir  compte  de  la  tendance  actuelle  d’aller  plus  loin,  et  plus  longtemps,  ce  symposium  a  ete  organise  pour  faire  le  point  des 
demieres  avancees  technologiques  realisees  dans  les  differents  domaines  et  qui,  combinees,  concourent  a  definir  le  rayon 
d'action  et  I'endurance  des  vehicules  aeriens.  II  compte  quatre  parties; 

•  les  technologies  entrant  dans  la  conception  de  la  cellule,  y  compris  I’aerodynamique  et  les  stmctures 

•  les  technologies  de  propulsion 

•  les  problemes  associes  au  facteur  humain  dans  ce  type  de  mission 

•  les  technologies  et  les  proc^ures  du  ravitaillement  en  vol. 

Deux  allocutions  ont  prononcecs  en  ouvertute  du  symposium.  La  premiere,  qui  a  ete  donnM  par  M.Gen.  Breeschoten  du 
Royal  Netherlands  Airforce,  a  porti  sur  les  perspectives  d’avenir  pour  les  operations  a  longue  distance  et  de  longue  duree,  et  la 
seconde,  par  Burt  Rutan  de  Scaled  Composites  Inc.  a  foumi  la  description  des  differents  defis,  humains  et  technologiques, 
presentes  par  le  vol  record  de  circonscription  du  globe  effectue  par  I'aeronef  Voyager. 
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TECHNICAL  EVALUATION  REPORT 


by 


F.MARY 

23,  Rue  de  la  Croix  du  Val 
F-92190  MEUDON 
FRANCE 


1.  SUMMARY 

This  report  reviews  the  lectures  presented  at  the 
82nd  Right  Mechanics  Panel  Symposium  on 
"Recent  Advances  in  Long  Range  and  Long  En¬ 
durance  Operation  of  Aircraft".  The  purpose  is 
to  analyse  the  various  papers  and  try  to  make  a 
synthesis  of  the  subject,  setting  it  in  the  scope 
of  the  present  World  aeronaut!^  as  well  as  po¬ 
litical  and  economical  environment  Though  the 
initial  prospect  was  a  military  one,  in  the  frame 
of  AGARD  and  for  the  benefit  of  the  NATO 
Forces,  civil  transport  and  scientific  applications 
have  also  been  taken  into  consideration.  An 
attempt  is  made  to  propose  some  recommen¬ 
dations  for  the  future  activities  of  the  Panel. 

2.  BACKGROUND 

Technologies  and  techniques  which  contribute 
to  improve  the  range  and  endurance  of  aircraft 
have  considerably  progressed  over  the  last  tm 
years.  However,  very  little  was  devoted  to  this 
topic  in  the  past  of  the  Panel,  even  in  such 
symposia  as  "Improvement  of  Combat 
Performance  fcM-  Existing  and  Future  Aircraft” 
(April  1986)  and  "Progress  in  Military  Airlift" 
(May  1990). 

But  the  changes  in  Eastern  Europe  and  the 
evolution  in  the  World  political  situation  resul¬ 
ted  in  a  new  challenge  for  the  NATO  Forces ;  in 
place  of  a  well  identified  threat  to  which  a 
strategy  had  been  tailored  for  years,  they  have 
now  to  get  prepared  for  types  of  conflicts  not 
well  defined,  neither  in  form  nor  in  location. 
Happening  at  a  moment  when  the  World  Eco¬ 
nomy  slowdown  imposes  drastic  reductions  in 
military  expenses,  this  means  that  the  existing 
(or  even  reduced)  military  forces  must  be  u^ 
as  efficiently  as  possible.  An  extended  range  is 
among  the  ways  to  improve  this  efficiency.  It 
was  the  motivation  of  die  Pilot  Paper  n*  195  (a 
summary  of  whidi  is  appended  to  this  report), 
proposed  to  the  Panel  and  eventually  imple¬ 
mented  in  this  symposium. 


3.  INTRODUCTION 

The  82nd  Symposium  of  the  AGARD  Flight 
Mechanics  Panel  was  held  in  the  Hague,  the 
Netherlands,  from  the  24th  to  the  27th  of  May 
1993.  More  than  100  participants  were  regis¬ 
tered,  representing  12  of  the  16  NATO  Nations. 

The  goal  of  this  symposium  was  to  review  the 
various  means  available  to  extend  the  range  or 
endurance  of  aircraft  in  all  categories  and  to 
induce  progress  by  discussion  between  the 
various  parties  involved. 

Insufficient  range  of  various  categories  of  Wes¬ 
tern  military  aircraft  was  evidenc^  in  such  con¬ 
flicts  as  Tchad,  Falklands,  etc.  This  prompted 
the  writing  of  the  Pilot  Paper  n®  195,  the  validity 
of  which  was  eagerly  confirmed  by  the  Gulf 
War.  Therefore  the  initial  purpose  of  this  Pilot 
Pap)er  was  essentially  military,  but  the  subject 
turned  out  to  be  of  interest  for  the  civil  transport 
r»nd  scientific  communities  as  well,  which  con¬ 
siderably  extended  the  scope  of  the  papers 
presented  at  the  Symposium. 

As  suggested  by  the  Pilot  Paper,  the  contribu¬ 
tion  of  other  Panels  was  requested;  papers  were 
presented  by  the  Structures  and  Materials  Panel 
(SMP),  the  Ruid  Dynamics  Panel  (FDP),  the 
Propulsion  and  Energetics  Panel  (PEP)  and  the 
Aerospace  Met  !  F^el  (AMP). 

The  symposium  comprised  2  keynote  addresses 
and  26  papers,  broken  down  into  four  sessions: 

SESSION  ONE.  AIRFRAME  DESIGN  FOR 
LONG  RANGE  AND  ENDURANCE. 

SESSION  TWO.  PROPULSION  SYSTEM 
CONCERNS  FOR  LONG  RANGE  AND 
ENDLJRr^iN’CE  OPERATIONS. 

SESSION  THREE.  THE  HUMAN  FACTORS 
SIDE  OF  THE  PROBLEM. 

SESSION  FOUR.  AIR  TO  AIR  REFUEL¬ 
LING. 
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It  is  not  attempted  to  make  abstracts  of  the 
papers  themselves,  but  the  questions  and  dis¬ 
cussions  related  to  the  subjects  are  summarized. 

4.  HIGHLIGHTS 

From  the  evaluator's  stand  point  and  due  to  the 
interest  they  raised  at  the  Symposium,  the 
following  lectures  are  considered  outstanding 
and  recommanded  to  the  time-limited  reader ; 

-  Second  keynote  address  from  Burt  Rutan  (if 
paper  is  available  in  the  Proceedings)  for  the 
mix  of  professional  experience  and  pioneering 
spirit  shown  in  the  "Voyager"  project 

-  Paper  5  for  the  comprehensive  review  of  the 
present  status  and  perspectives  in  the  airlift  area, 
including  Eastern  programmes. 

-  Paper  6  showing  how  to  reduce  dramatically 
the  production  costs  of  the  weight-saving  com¬ 
posite  structures,  thus  allowing  to  carry  a  higher 
fuel  load. 

-  Paper  7  showing  how  to  reduce  drag  by  natu¬ 
ral  and  artificial  boundary  layer  control. 

-  Papers  11  and  13,  showing,  each  in  their 
domains,  that  in  the  very  competitive  civil 
transport  area,  every  detail  improvement  is 
worth  being  considered  to  reduce  drag  or  fuel 
consumption. 

-  The  whole  Session  three  (Papers  15  to  18)  for 
its  outstanding  presentation  of  the  importance  of 
human  factors  in  long  Hnration  flights  and  of 
means  to  reduce  their  effects  on  the  crews. 

-  Papers  21,  23,  and  24,  for  a  review  of  the 
status  and  prospects  in  Air  Refuelling. 

5.  TECHNICAL  PROGRAMME 

5.1  Keynote  addresses 

To  introduce  the  symposium,  two  very  different 
lectures  were  provided,  the  first  one  considering 
the  milit^  aircraft  in  the  present  Woild  political 
perspective  and  the  second  one  telling  of  a 
"Round  the  World"  record  flight.  The  interest 
that  both  Speakers  raised  in  the  floor  set  up  the 
spirit  d*  the  symposium. 

With  his  long  experience  as  a  military  and  test 
|Mlot  as  well  as  due  to  his  present  pmition  of 
Head  of  Owrations  at  the  Royal  Netherlands 
Air  Force  Head-Quarters,  the  first  Speaker  was 
well  qualified  to  introduce  the  subject  on  the 


military  side.  His  views  on  the  changes  in  the 
World  political  and  economical  situation,  and 
their  consequences  on  the  NATO  strategy  were 
based  on  firsthand  information.  The  main 
feature  of  future  likely  conflicts  is  to  have  no 
specific  features,  in  terms  of  opponent,  type  of 
threat  and  location.  Under  these  conditions, 
defining,  preparing  anu  organizing  forces  is 
difficult.  One  thing  is  certain:  the  importance  of 
long  distance  intervention.  As  an  example,  in 
the  Gulf  War,  some  operations  were  impaired 
by  the  limited  number  of  tankers.  In  addition, 
the  Defense  budgets  in  the  NATO  Countries 
have  lost  their  priorities  and  are  shrinking.  The 
lecturer  elected  to  draw,  from  these  conditions, 
tentative  general  spiecifications  for  the  future 
NATO  aircraft  of  all  typies,  pointing  out,  among 
others,  the  particular  aspects  concerned  with 
long  range  or  long  endurance. 

With  the  second  Speaker,  this  was  a  completely 
different  picture.  The  earnest  military  realities 
were  forgotten.  A  pioneering  spirit,  of  the 
eighties  vintage,  allied  to  a  first  class  scientific 
and  technological  knowledge  resulted  in  the 
design  and  building  of  a  wonderful  and  fragile 
aircraft  that  flew  round  the  World  non  stop. 
Humour  was  always  present  in  the  presentation 
of  this  story,  which  did  not  prevent  Burt  Rutan 
emphasizing  how  every  technical  choice  was 
"long  range  minded";  and  reading  the  paper 
shows  that  the  technical  conflicts  were  many, 
including  the  human  factor  asp)ects  of  the  pilots' 
accomodation. 

A  film  presented  the  main  phases  of  the  aircraft 
building  and  of  the  flight  tests.  But  the  most 
impressive  part  was  the  take  off  for  the  record 
flight,  when  tne  tuel  overloaded  wing  scrap»ed 
its  tips  on  the  runway  for  many  hundred  feet 
before  leaving  the  ground  and  eventually  lost 
both  winglets  at  the  beginning  of  the  flight.  The 
film  showed  that  the  risk  of  failure  was  not  zero 
but  one  understand  that  the  safety  margin  asses¬ 
sed  was  not  that  bad. 

As  a  conclusion,  the  Sp>eaker  indicated  that  what 
could  appear  as  a  mere  technical  challenge  emd  a 
sport  feat  would  have  more  positive  ftill  out  (the 
Raptor  project  was  mentioned).  Of  course, 
many  of  the  technical  solutions  should  be 
adapted  or  redesigned,  for  safety  and  reliability 
reasons,  but  the  dedicated  spirit  of  simplicity 
and  invention  will  still  be  diere. 

5.2  Airframe  Design  for  Long  Range 
and  Endurance 

This  first  session  comprises  10  papers,  spread 
over  one  and  a  half  day.  It  is  therefore  divided 
into  two  subsessions  which  do  not  differ 
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technically.  It  is  a  mix  of  analyses,  overviews, 
technological  developments  and  programme 
descripticms,  which  reflect  the  multiple  facets  erf 
the  subject,  depending  on  the  areas  concerned: 
civil  transport,  military  aircraft,  unman-ned  air 
vehicle  (UAV),  research  aircraft,  etc. 

In  Paper  1,  the  subject  is  not  verj'  different  from 
the  second  keynote's  one,  but  it  is  treated  in  a 
more  conventional  manner  and  for  a  UAV.  It  is 
still  a  paper  project  whose  parametric  study  is 
cost  oriented.  A  lot  of  various  missions,  civil 
and  military,  are  planned  for  this  vehicle,  the 
size  and  shape  of  which  results  from  the  need  to 
carry  an  ADI  radar  antenna.  The  choice  of  a 
four  engine  configuration  could  be  explained  by 
the  availability  of  relevant  powerplants  and  the 
ability  to  operate  at  low  weight  on  two  en^nes. 
Concern  appeared  in  questions  from  the  floor 
about  the  uncommon  configuration  of  two 
fuselages  with  no  tail  interconnections:  is  the 
structure  stiff  enough  ?  what  about  the  flying 
and  handling  qualities  ?  were  the  stability  and 
manoeuvrability  on  the  ground  assessed  ?  one 
question  tried  to  compare  the  structural  weight 
with  Voyager's  one,  but  this  comparison  is 
biased  b^ause  of  the  different  load  factors, 
safety  coefficients,  etc. 

Paper  2  is  a  similar  parametric  study.  It  reviews 
all  kinds  of  missions  that  a  HALE-UMA  (read: 
High  Altitude  Long  Endurance  -  UnManned 
Aircraft)  can  fulfill,  in  the  civil  and  military 
areas,  in  some  cases  as  a  complement  of  satellite 
and  aircraft  surveys.  Though  a  drawing  of  the 
vehicle  is  display^,  the  study  does  not  seem  to 
have  got  into  detailed  design,  as  far  as  structure 
and  systems  are  concerned.  A  review  of  the 
possible  propulsion  systems  resulted  in  the 
choice  of  2  supercharg^  reciprocating  engines, 
allowing  a  symmetric^  one  engine  operation  at 
low  weight.  But  comparing  the  powerplant  with 
that  of  paper  1,  one  finds  a  much  better  weight 
coefficient,  in  spite  of  a  more  ambitious  cruise 
altitude  (82,0(X}  ft  in  place  of  65,000ft)  which 
would  probably  require  a  more  sophisticated 
supercharger  and  heat-exchanger  system. 

Paper  3  is  in  the  very  opposite  comer  of  the 
picture:  it  speaks  of  sufrersonic  transport  and 
Concorde  is  used  as  a  reference  throughout  the 
lecture.  A  traffic  survey,  primarily  on  maritime 
airways  requires  a  minimum  range  of  6,(XX}  km 
(approx.  3,250  nm),  for  which  Concorde  is 
short-legg^.  The  market  survey  for  a  super¬ 
sonic  transport  with  enough  range  seems  opti¬ 
mistic  but  could  well  depend  upon  the  World 
economics  situation.  A  complete  review  of  the 
main  features  (aeodynamics,  structure,  propul¬ 


sion,  temperature  control,  etc)  and  of  the  spe¬ 
cific  airworthiness  requirements  (sonic  boom, 
NOx,  noise  in  the  airport  areas,  etc)  is  illus¬ 
trated  with  the  "Alliance"  project.  One  may  only 
regret  that  this  paper  was  not  presented,  in  a 
synthetic  perspective,  as  a  "struggle  for  range". 

Paper  4  deals  again  with  another  comer  surface 
effect.  Preliminary  aerodynamic  studies,  infor¬ 
mation  from  Russia  and  flight  experience  on 
several  aircraft  converge:  surface  effect  at  high 
speed  reduces  drag  and  smoothes  ride. 

From  these  findings,  the  Author  devises  a  va¬ 
riety  of  large  military  vehicles  capable  of  a  wide 
range  of  speed  and  altitude  and  even  of  being 
operated  from  the  water.  These  vehicles  could 
fly  veiy  long  routes,  partly  at  high  altitude, 
partly  in  the  surface  effect.  Curiously  enough, 
no  mention  is  made  of  the  powerplant  that  could 
operate  efficiently  in  all  this  range.  In  the  same 
way,  little  was  said  on  civil  applications,  which 
would  probably  raise  problems  of  passenger 
transfer,  weather  comfort,  traffic,  etc. 

Questions  focused  on  manoeuvrability,  change 
in  configuration,  efficiency,  rough  sea,  etc. 
Apparently  much  research  and  study  remains  to 
be  done  before  any  development  could  be 
launched. 

Paper  5  was  a  last  minute  offer  to  replace  a  can¬ 
celled  paper.  It  is  an  overview  of  a  Symposium 
held  in  Strasbourg,  France,  on  "the  Future  of 
Large  Capacity  Multipurpose  Aircargo  Fleets", 
with  the  participation  of  Eastern  and  Western 
Countries.  It  emphasizes  the  importance  of  long 
haul  in  the  civil  cargo  traffic  (5,000  km  on 
average).  It  is  also  the  opportunity  to  recall  the 
impressive  airlift  operation  of  Desert  Shield/ 
Desert  Storm,  a  precious  indication  on  future 
needs  in  airlift  fleets. 

A  large  array  of  super-airlifters  was  displayed. 
As  a  complement,  two  films  were  presented: 
one  about  two  very  long  range  Russian  airlifters 
and  the  other  on  the  Airbus  Super  Transporter 
(AST),  derived  from  a  standard  long  range  Air¬ 
bus  A300-6(X)  with  an  enlarged  fuselage  dia¬ 
meter  to  carry  oversized  cargo . 

Paper  6  deals  with  design  and  manufacture. 
Indeed,  with  composite  structures,  design  and 
manufacture  are  tightly  integrated  as  this  p>aper 
will  show.  Composite  is  a  way  to  save  struc¬ 
tural  weight  dramatically  (15  to  20%)  for  the 
benefit  of  fuel  load,  if  production  is  not  too 
expensive.  It  is  not  the  case  for  large  complex 
pans,  for  which,  until  now,  prepreg  fiber  tapes 
had  to  be  laid  by  hand.  A  new  process  has 
succeeded  in  laying  tapes  on  complex  parts, 
automatically  and  along  optimized  orientations. 
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Compared  in-oduction  rates  are  very  spectacular 
0.3  kg/h  by  hand  vs  9  kg/h  with  this  process. 
The  interest  raised  was  reflected  in  the  number 
of  questions  about  the  present  limits  of  the 
process,  which  is  still  in  development  for 
improvement: 

-  does  it  apply  to  deformable  parts  or  to  vibra¬ 
ting  parts  ?  the  answer  is  yes; 

-  how  is  delamination  taken  into  account  ?  by 
empirical  formulas,  since  the  phenomenon  is 
still  not  well  known;  but,  in  other  respects, 
buckling  was  already  implemented. 

This  contribution  of  the  SMP  was  very  much 
appreciated. 

Paper  7  is  also  an  interesting  contribution  from 
another  panel  (FDP).  Turbulent  flow  generates 
mewe  dnig  than  laminar  flow;  thence  the  interest 
to  shift  the  transition  as  far  downstream  as 
possible.  On  a  given  airfoil,  a  theoretical  ana¬ 
lysis  (with  many  formulae!)  allows  one  to 
assess  to  what  extent  the  natural  laminar  flow 
could  be  maintained.  This  is  markedly  confir¬ 
med  by  windtunnel  tests  and  flight  tests. 
However,  for  wing  sweep  angles  higher  than 
30®,  in  order  to  extend  the  laminar  flow  as  far 
downstream  as  poMible,  it  is  necess^  to  add  a 
suction  device,  which  needs  a  negligible  amount 
of  bleed  air  from  the  engines.  In  addition,  the 
leading  edge  must  be  kept  very  clean  and  a 
decontamination  (liquid  oozing)  device  must  be 
installed.  A  first  estimate  gives  a  15%  fuel  sa¬ 
ving  for  a  fully  equipped  airplane.  To  conclude 
this  very  clear  and  methodic  lecture,  it  was  indi¬ 
cated  that  the  fx^ospect  was  promising  enough  to 
plan  equipping  a  new  corporate  airplane. 

Paper  8  is  an  interesting  demonstration  of  an 
original  use  of  airplane's  flight  characteristics.  It 
could  be  summarized  as  endurance  maxima¬ 
lization  through  "relaxed"  (saw-toothed)  altitude 
profile.  The  secret  is  to  use  the  powerplant  in  its 
better  efficiency  pm  of  the  flight  envelope  (low 
speed)  to  gain  altitude  and  then  "sail"  down  at 
idle  with  Haps  extended  in  optimal  position. 
This  very  clever  flight  profile  raises  but  one 
question:  what  for  ?  It  is  hard  to  imagine  civil 
airplanes  using  such  flight  plans  and  still  harder 
to  see  combat  aircraft  missions  adapted  to  this 
profile,  except  perhaps  for  recovery  in  case  of 
fuel  shortage,  though  it  was  not  indicated  whe¬ 
ther  the  range  was  also  improved. 

Paper  9  is  the  mere  description  of  a  helicopter, 
the  3  engined  EH  101,  where  the  Author  put 
emphuis  on  its  long  range  capabilities: 

.  possible  flight  on  2  engines  only, 

.  all-weather  equipment, 

.  ergonomy  (low  vibration  level). 


.  air  refuelling  (yet  to  be  flight  tested). 

For  the  time  being,  military  customers  are  the 
Royal  Navy  and  the  Canadian  Navy.  It  is  worth 
mentioning  that  blades  are  foldable  for  carrier 
underdeck  storage. 

Paper  10  is  another  aircraft  description.  Still  a 
paper  project,  Eurofar  is  a  tilt  rotor  aircraft .  The 
formula  adds  to  the  helicopter  capabilities  the 
extended  range  and  speed  of  an  airplane.  Unlike 
helicopters,  transition  allows  keeping  the  cabin 
floor  level.  A  very  vivid  presentation  followed 
by  a  lot  of  questions: 

.  rolling  take-off  ?  yes,  like  helicopters  (  50  m), 

.  why  are  the  engines  not  tilted  ?  for  better 
ground  margin,  better  IR  cancellation  in  military 
operation  and  better  turbine  burst  containment 
for  civil  airworthiness, 

.  autorotation  ?  less  efficient  than  on  an  heli¬ 
copter,  due  to  the  high  disk  loading  and  to  the 
wing  screen, 

.  noise  in  the  cabin  ?  better  than  in  some  turbo¬ 
prop  aircraft:  the  propellers  are  far  enough  from 
the  fuselage  and  their  cruise  rpm  is  20%  less 
than  at  take  off,  thus  avoiding  any  sonic  effect 
at  the  blade  tips. 

5.3  Propulsion  System  Concern  for 
Long  Range  and  Long  Endurance 
Operations 

This  session,  prepared  in  cooperation  with  the 
PEP,  has  the  same  diversity  as  the  previous 
one:  two  papers  tell  mainly  of  transport 
airplanes,  the  other  two  of  HALE  aircraft. 

Paper  II  deals  with  civil  transport  aircraft 
(though  it  applies  to  other  categories  as  well).  In 
this  domain,  harsh  competition  leads  to  various 
airplane  types  being  very  close  to  each  other,  as 
far  as  performance  and  direct  opierating  costs  are 
concerned.  Therefore,  any  design  solution  or 
detail  adjustment  that  may  result  in  an  even 
small  improvement  in  drag  or  in  better  ride 
comfort  is  valued,  if  the  corresponding 
development  and  production  cost  is  affordable. 
In  addition,  the  CFD  (Computational  Fluid 
Dynamics)  has  reached  such  a  quality  in 
simulating  airplane  aerodynamics  that  it  can 
now  tackle  the  problem  of  airflow  over  large 
and  complex  parts  (if  not  the  whole)  of  a  big 
airplane  at  the  project  level,  allowing  to  adjust 
and  compare  various  solutions  before  detailed 
design  is  launched  and  without  time  and  cost 
expenses  in  windtunnel  tests.  Even  if  these 
gc^s  were  not  much  emphasized  in  the  lecture, 
particularily  for  the  purpose  of  range  impro¬ 
vement,  this  is  the  target  of  the  three  examples 
which  are  very  clearly  presented  in  this  paper. 


It  is  more  convenient  to  follow  up  with  Paper  many  engineers  in  the  floor,  it  was  the  first 

13,  written  in  the  same  spirit,  but  from  the  opportunity  to  hear  of  new  matters  they  would 

engine  manufacturer's  point  of  view.  The  have  to  take  into  consideration  in  the  future,  in 

Author  has  elected  not  to  speak  about  the  opti-  the  conception  and  design  of  manned  aircraft, 

mal  thermodynamic  cycles  and  other  theoretical 

ways  to  perform  long  range,  but  to  tell  of  some  Paper  15  reviews  the  various  types  of  fatigue 

aspects  of  the  design  know-how  that  allows  and  describes  the  main  causes  of  fatigue  for  the 

these  performance  to  be  constant  and  reliable,  long  range  crew  members,  after  a  survey  on 

showing  at  the  same  time  some  of  the  key  transport  airplane  pilots.  In  the  characteristics  of 

points  in  the  architecture  of  modem  large  the  cockpit  atmosphere,  it  is  noteworthy  that 

turbofans  and  confirming  that  experience  and  relative  humidity  is  very  low,  lower  than  in 

ccanmcm  sense  are  still  good  arguments.  many  deserts.  Heavy  workload  is  a  source  of 

He  explained  what  seems  to  be  a  contradiction,  fatigue,  but  lack  of  workload  (during  long  haul 

for  these  sophisticated  engines,  between  a  flights)  may  impair  alertness.  Night  flight, 

search  for  longer  life  cycles  and  shorter  times  ozone  concentration,  noise,  mild  hypoxia,  etc 

between  inspection.  For  the  combat  aircraft,  he  were  also  examined,  as  well  as  jet  lag,  which 

also  pointed  out  how  much  the  engine  hot  part  creates  difficulties  for  the  crews  to  get  asleep 

life  was  depending  on  the  high  power  setting  during  layovers.  Displayed  charts  raised  some 

time  in  a  mission,  rather  than  on  range.  surprise  and  concern:  among  the  sleeping  aids. 

He  ended  up  with  some  hints  on  the  "special  alcohol  is  by  far  the  most  us^. 
vehicles"  (very  high  speed  ones)  for  which  In  the  conclusicais,  not  only  does  the  Author  re¬ 
cooling  is  a  very  chdlenging  problem.  commend  the  flight  planning  staffs  to  taxe  the 

various  causes  of  fatigue  into  consideration,  but 
We  now  ccrnie  back  to  two  HALE  papers.  Paper  he  also  advises  the  in^vidual  pilots  to  plan  their 
12  is  a  comprehensive  overview  of  all  the  rest  times  according  to  their  own  capabilities, 
possible  solutions  to  power  such  vehicles,  for 

which  altitude  and  loiter  time  are  selection  key  Paper  16  completes  the  preceeding  one  by  a 

parameters.  For  the  time  being,  the  turbochar-  survey  of  the  regulations  of  various  airworthi- 

ged  reciprocating  engine  is  the  most  efficient,  ness  Authorities  on  flight  time  limitation  with 

the  performance  of  &e  turbocharger-heat  ex-  two  pilots  crews  and  augmented  crews.  In  addi- 

changer  system  becoming  determinant  as  alti-  tion,  an  investigation  was  conducted  on  true 

tude  increases.  But  the  Author  leaves  the  choice  airline  flights,  aiming  East  or  West,  with  qua- 

open,  depending  on  the  mission.  litative  questionnaires  to  the  pilots.  The  results 

As  for  fuel  cells,  they  are  very  promising,  but  are:  fatigue  is  mainly  influenced  "by  the  dura- 

are  prone  to  stay  promising  still  for  some  time.  tion  of  wake  time  since  the  last  sleep"  so  that  the 

flight  time  is  not  so  determinant  as  is  a  combi- 
Paper  14  seems  an  application  exercise  of  Paper  nation  of  time  "on  duty"  +  night  flight  +  jet  lag 
12.  The  powerplant  described  is  intended  for  a  +  accumulation.  Thence,  conclusions  are  not 
high  altitude  research  airplane  (up  to  24,000  m  /  very  different  from  those  of  the  previous  paper 

79,000  ft)  where  turbocharging  is  a  challen-  prevent  excessive  duty  time  and  provide  for 

ging  proUem.  The  chosen  concept  is  truly  origi-  adequate  rest  p>eriods  and  sleep  patterns.  It 

nal,  promising  and  piotebly  not  too  expensive.  points  out  the  benefit  of  small  naps. 

The  design  is  described  with  many  details. 

Indeed  one  would  have  traded  off  some  of  them  Paper  17  derives  its  findings  from  another  live 

for  hints  on  systems  necessary  on  a  manned  experience:  American  airlift  crews  during  the 

aircraft:  hydraulics,  electricity  and  above  all  the  Oulf  War.  These  crews  wo~ked  in  very  poor 

air-conditi<ming  system,  with  its  fvobable  ad-  conditions  with  inadequate,  if  any,  resting  or 

verac  effects  on  the  i»weiplant  efficiency.  sleeping  facilities.  Due  to  the  heavy  transport 

In  answer  to  a  questicMi  about  pump  cavitation,  needs,  an  experiment  was  conducted  with 

tests  were  conducted  down  to  3()mb  without  several  of  them  to  see  whether  it  was  possible  to 

any  cavitation  problem.  extend  the  monthly  flight  time  from  12Sh  to 

I50h.  The  results  were  not  those  expected.  First 
5.4  The  Human  Factors  Side  of  the  the  investigators  pointed  out  the  very  adverse 
Problem  conditions  of  comfort,  both  in  the  airplanes  and 

on  the  ground.  They  confirm  the  benefit  of  naps 
This  session,  fully  prepared  by  the  AMP,  is  and.  above  all,  they  concluded  that  the  way 

very  consistent  llie  four  Authors  seem  to  be  pilots  spent  the  recent  days  (duty,  flight  rest 

accustomed  to  work  together  and  produced  pa-  sleep,...)  was  more  imp(»tant  than  the  cumu- 

peis  quite  complementary  to  one  another.  For  lative  flight  time  of  the  pest  month. 
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The  paper  suggests  to  use  the  DFDR  (Digital 
Flight  Data  Recorder)  to  try  to  establish  a  cor¬ 
relation  between  pilot's  log  and  abnormal 
behaviour  (on  an  anonymous  basis,  of  course). 
A  way  to  answer  the  remark  from  the  Author  to 
introduce  his  lecture:  when  an  aircraft  crashes 
for  structural  failiue,  many  investigations  and 
researches  are  conducted;  if  it  is  for  human 
failure,  nothing  is  doac. 

Last  of  the  session.  Paper  18  describes  the 
study  two  main  causes  of  fatigue;  jet  lag  and 
sleep  deprivation,  through  the  use  of  a  test 
battery  which  mesures  psychomotric  reactions. 
These  tests  have  permitted  to  define  a  day 
pattern  of  better  sleeping  efficiency  and 
confirmed  the  benefit  of  naps.  But,  still  more 
important,  it  was  used  to  assess  the  effects  of 
various  means  to  combat  fatigue,  with  emi^asis 
on  drugs,  specially  one  which  seems  to  have  no 
adverse  side  effects.  However,  its  use  is 
recommanded  fcM*  urgent  cases  in  exceptional 
milita^  operations  o^y  and,  by  no  means,  by 
civil  aircrews. 

This  remarkable  session  was  concluded  by  an 
interesting  round-table  with  the  four  Authors 
discussing  on  the  fdlowing  subject 
*Sbould  the  operations  te  aci^ted  to  crew  ca¬ 
pacities,  or  capacities  adapted  to  operations  ?” 

Whenever  it  is  possible  the  first  part  of  the 
alternative  is  recommended.  The  Authors  were 
unanimous  to  insist  that  use  of  drugs  to  adapt 
the  crew  capacities  to  operations  should 
strictly  limited  to  urgent  military  cases.  Ethics 
forbid  using  such  means  to  make  champions  or 
robots. 

From  the  floor,  a  question  asked  whether,  in 
war  time,  a  specific  medication  could  facilitate 
the  adaptation  of  combat  pilots  to  the  fighting 
environment  Apparently  no  study  had  been 
done  on  dial  subject  and  the  Authors  could  give 
no  ai^er. 

For  the  civil  aircrews  at  layovers,  in  addition  to 
jet-lag,  they  are  confronted  with  difficulties  to 
sleep  during  local  activity  hours.  Moreover, 
mainly  among  young  crew  members,  layover 
time  may  be  a  Int  heavy  loaded.  In  these  cases, 
soft  metfKXis  are  recommanded:  education,  a 
hygienic  way  of  life,  seme  physical  activity 
aM,  if  possible  the  days  before  flight,  a 
ptogrBMive  acfaqjtation  to  the  local  time  to  come. 
Anotfier  question  asked  whether  physical  fitness 
would  impiove  the  ciq»cities  in  the  cockdt  7 
This  pronem  is  on  the  agenda  of  the  wornng 
group,  but  it  does  not  seem  that  the  lack  of 
fd^cal  fitness  impatrs  diese  oqncities  (neither 
does  smoking!). 


5.5  Air-to-Air  Refuelling 

This  session  is  the  one  which  best  fits  with  the 
original  Pilot  Paper.  It  is  military  and  consistent 
by  nature.  Of  the  eight  papers,  only  one  does 
not  deal  with  AAR,  though  its  matter  still 
concerns  additional  fuel  (it  replaces  a  cancelled 
paper  cm  AAR). 

Nothing  new  in  the  systems  themselves,  except 
for  sesne  details,  but  emphasis  was  on  operation 
with  recent  conflict  experience.  With  the  Gulf 
War,  NATO  Countries  became  aware  of  some 
wea^esses  in  their  refuelling  capabilities  (al¬ 
ready  slightly  apparent  at  the  Lisbon  Sym¬ 
posium  in  May  1990  "Progress  in  Military 
Airlift")  and  of  interoperability  problems 
between  the  different  Air  Forces. 

Papor  19  deals  with  the  development  of  a  dedi¬ 
cated  external  fuel  tank  (EFT)  which  extends 
considerably  the  range  of  the  combat  aircraft 
concerned,  compared  to  the  existing  standard 
EFT.  The  p>aper  gives  an  idea  of  the  important 
flight  test  programme  necessary  to  qualify  the 
aircraft  ^uipp^  with  this  new  EFT,  principally 
in  combination  with  other  external  stores  which 
can  raise  surprises,  mainly  in  flight  dynamics 
and  flutter. 

P^r  20  tells  of  me  development  of  the  flight 
refuelling  of  a  new  combat  aircraft  for  the 
French  Air  Force.  It  makes  obvious  the  liffe- 
rences  that  can  occur  in  op^eration  be.  ind 
different  tankers;  behind  a  KC  135  equi  i,Jed 
with  BDA  (Boom-Drogue  Adapter),  ■  sy 
approach,  touchy  fuelling  p>osition  holdi  .g; 
behind  a  Navy  combat  /  tanker  aircraft:  trie  y 
approach  (basket  whirling  in  the  engine  wake 
easy  holding.  However  the  outstanding 
handling  qualities  of  the  aircraft  facilitates  the 
manoeuver.  With  the  quick  engine  respxmse  to 
throttle  movement,  pilots  prefer  docking  with 
throttle  than  with  airbrakes. 

The  lecture  was  completed  by  a  very  good  film 
which  showed  clearly  the  various  phases  of  the 
manoeuvers  from  different  sight  points  (receiver 
and  side  aircraft). 

It  is  convenient  to  review  both  Papers  21  and  24 
togethe”.  They  were  presented  by  the  same 
cooperating  teams  and  deal  with  tightly  connec¬ 
ted  subjects. 

The  first  Papjer  draws  from  the  Gulf  War 
expjerience  to  devise  spiecificaticms  for  a  future 
tanker  and  indications  on  the  operation  of  a 
future  tanker  fleet  (During  "Desert  Storm", 
more  tankers  would  luve  been  welormne!). 
Emphisis  was  put  on  timing  and  interoperability 
which  was  seriously  impaired  in  Desert  Storm 
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by  Uie  lade  d*  (xxnpatil^ity  between  the  *Boom 
and  Reoqptacle  System"  (m  the  one  side  and  the 
"Probe  and  Drogue  system"  on  the  other  side, 
even  if  the  BDA  has  slightly  improved  the  situ- 
ation.  develoiment  of  multipoint  tankers  is 

recommanded  to  improve  flexibility,  inter- 
operabiU^  and  rspdity  of  c^)aations. 
llbe  second  paper  gets  into  more  details  d*  die 
refuelling  (^rations  to  compare  both  systems 
and  see  how  they  could  be  best  used  in 
cocM’dlnation,  assuming  a  multipoint  tanker  is 
developed.  As  regar^  this  matter  a  review  is 
made  among  the  existing  or  future  dvil  air¬ 
planes  military  airlifters,  doivadves  of  which 
could  be  the  successors  to  the  KC-135. 

A  question  was  raised  about  the  compared 
safety  and  reliability  of  both  systems.  The  ans¬ 
wer  (given  by  a  boom  user)  is  that  the  boom 
and  receptacle  system  seems  to  have  better 
ratings.  It  is  probably  the  result  of  a  longer  and 
wido*  experience. 

It  is  curious  to  notice  that  an  assumption  is 
made  imididtJy:  a  cmniidete  air  superiority.  It 
was  true  in  the  Gulf  War,  but  in  case  it  were 
not,  it  would  pro^iy  need  changing  c^radem 
strategy  (  scattering  or  concentrating  ?)  and  in 
any  case  it  would  still  more  favor  the  fastest 
refuelling  solution. 

The  AudKK  of  Paper  22,  a  member  of  the  US 
Navy,  is  on  the  hose-drogue  side.  The  Navy 
has  tte  only  aiicraft  type  capable  d*  both  means 
of  refudling  in  the  same  flij^t  (though  not  at  the 
same  time):  the  KC-10.  The  ptqier  starts  with  a 
review  d  the  various  airplanes  used  for  refuel¬ 
ling  by  the  US  Navy  and  Marine  Corps  and 
reodls  the  improvements  brought  to  both  sys¬ 
tems:  BDA  (Boom  Drogue  Adapter),  wing 
pods,  lengthened  hose,  variade  geometry  dro¬ 
gue  (to  adjust  drag  to  the  refuelling  spe^,  for 
instance  for  helicr^r  purpose).  But  the  main 
subject  d  the  paper  deals  with  flight  dyi^ics 
related  to  the  wing  pods.  The  airflow  bcMnd  the 
wing  pod,  where  the  receiver  is  flying,  is 
asymnietrical  and  conditions  could  be  critied  for 
the  latter.  So,  before  launching  a  multipoint 
tanker  programme,  a  dialled  fli^t  investi^on 
was  decid^,  tiie  results  of  which  are  displayed 
in  very  dear  diagrams  in  the  paper. 

A  good  review  of  die  state  d  the  art. 

Paper  23  presents  a  very  methodic  and  logical 
piooM  to  define  a  future  tanker  fleet 

-  review  of  misnon  needs, 

-  awvey  d  can^dale  airplanes, 

-  funcwMid  requimneds, 

>  meastnes  of  dTfectivnaeas,  including  secon¬ 
dary  misdon  amabililies, 

•  size  and  life  Qde  cost  evduation. 


For  every  candidate  airplane,  an  assessment  is 
conduct^  of  the  necessary  enhancements,  to  be 
injected  in  the  life  <^cle  cost  {xocess. 

The  paper  ends  with  an  interesting  review  of 
technology  requirements,  where,  for  the  first 
time  in  this  sympexium,  one  learns  of  a  tentative 
enhanced  autcnnalization  d  air  refuelling: 

-  automatic  rradez-vous, 

-  automatic  hook-up, 

-  higher  transfer  rates,  etc. 

Paper  25  tells  how  the  Royal  Netherlands  Air 
Force  selected  two  DC- 10  as  tankers.  Those 
aircraft  would  have  a  peace  time  duty:  to  reduce 
noise  around  air  bases  in  Netherlands,  the 
fighter  aircraft  have  to  practice  over  the  North 
Sea  and  therefore  have  to  be  air  refuelled. 
Among  the  requirements,  the  candidates  should 
be  used  aircraft,  proven  tankers  and  capable  of 
being  used  as  airlifters,  the  whole  at  least  cost. 
The  modifleation  definitiem  was  that  of  existing 
KC-10,  except  for  the  rear  operator's  station, 
found  too  expensive  because  of  the  structural 
modifications;  it  would  be  refdaced  by  a  ptdle- 
tized  "Remote  Air  Refuelling  Operator"  station, 
in  front  of  the  cabin,  with  video  control.  This 
solution  is  claimed  as  being  already  used  on  a 
B-707,  but  one  may  wonder  whether  its  deve¬ 
lopment,  for  two  DC- 10  airplanes  only,  would 
not  cost  more  than  the  staneWd  version. 

Many  questiems  were  raised,  among  which: 

-  accuracy  of  remote  3D  viewing  ?  claimed  as 
{xecise  as  direct  view, 

-  night  (^ration  ?  was  already  experienced 
(elsewhere),  so  there  is  good  confidence;  if  ne¬ 
cessary,  provision  is  made  for  IR  lighting, 

-  are  two  KC-10  not  too  much  an  AR  capacity 
for  the  RNLAF  ?  agreements  were  already  taken 
with  other  NATO  Nations;  moreover,  so  many 
other  missions  have  already  been  planned  that 
the  Author  wonders  whether  time  will  be  left  fex 
the  refuelling  missions  ! ! ! 

In  the  last  Paper  26,  the  Author  describes  the 
rather  different  solution  elected  by  the  Royal 
Canadian  Air  Force.  Five  C-130  H  from  the  air¬ 
lift  fleet  are  being  converted  for  air  refuelling 
capability.  They  are  fitted  with  two  wing  pods 
(hose  drogue  system).  The  cabin  conversion 
from  tanker  to  airlifter  configuration  takes  4  h. 
The  main  tanker  task  is  to  refuel  two  types  of 
combat  aircraft,  and  this  is  the  challenge, 
because  of  the  compared  flight  envelopes. 
Flight  tests  already  conducted  have  defined  the 
refuelling  flight  envelqies,  which  are  not  very 
lai|^,  inpecially  with  one  the  fighters.  Once 
again,  tM  stability  of  the  drogiM  ba^k^  is  found 
a  problem. 

Purtho-  flight  tests  are  being  conducted. 
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CONCLUSIONS 

Com[^ng  the  proposed  list  of  topics,  given  in 
the  nlot  Ptyser,  with  the  agenda  of  the  Sym¬ 
posium,  one  finds  that  a  large  part  of  the  aims 
was  reached  and  even  that,  with  the  con- 
thbutimi  of  the  civil  transport  and  scientific 
communities,  the  scqie  was  still  extended. 

In  the  airframe  and  powerplant  sessions,  the 
coitributicm  civil  transport  design  reach^  its 
target  with  matters  which  could  be  easily 
extmided  to  military  airoaft 
However  one  can  regret  that  the  "Influence  of 
aircraft  stmes  on  range”  was  not  dealt  widL 
Nor  were,  in  the  Propulsitm  session,  the  im¬ 
portant  "Multiple  desi^  point"  and  the  "Fuel 
choice". 

In  the  other  sessitms,  the  subjects  were  very 
much  influenced  by  the  (xesent  Wotid  situaticm 
cxr  by  recent  evmts. 

The  interesting  and  coherent  session  on  "Hu¬ 
man  factcMs”,  ^w  a  lot  of  experience  from  die 
Gulf  War. 

This  event  was  also  of  great  concern  for  all  Air 
Fences  which  woe  engaged  in  the  conflict,  be¬ 
cause  the  need  to  extend  the  range  of  com¬ 
bat.  airlift  and  tankor  fleets  which  not  been 
planned  for  that  purpose.  It  was  reflected  in  the 
subjects:  all  were  mainly  concerned  with  rein¬ 
forcement  tanker  fleets  or  deflniticHi  of  their 
future  requirements.  But,  frustratingly  enough, 
nothing  was  said  about  foreseen  technical 
improvements  in  refuelling,  save  for  cxie  (m*  two 
lines  in  a  chart 

The  appearance  of  Unmanned  Air  Vehicles,  for 
military  and  civil  uses,  explains  why  several 
papers  were  devoted  to  HALE  (High  Altitude 


Long  Endurance)  projects,  with  one  or  two  non 
conventional  solutions. 

Finally  this  Symposium  was  somewhat  more 
interesting  than  the  agenda  could  suggest  It  is  a 
pity  that  attendance  was  somewhat  low,  but  the 
same  phenomenon  appemed  rather  consistendy 
in  many  other  international  meetings  in  that 
period,  which  seems  to  be  a  consequence  of  the 
present  dull  eccmomic  situation. 

RECOMMENDATIONS 

Among  its  large  scope  of  interest  the  Panel  will 
probably  not  devote  another  symposium  to 
"Long  Range  and  Long  Endurance"  for  some 
time.  Though  it  is  a  very  important  feature  for 
all  types  of  airplanes,  the  means  to  deal  with  it 
are  ra^er  different  fresn  c«e  categexy  of  aircraft 
to  another.  In  addition,  it  is  difficult  to  treat  this 
topic  independently  from  other  features  like 
sp«ed,  altitude,  etc.  It  would  perhaps  be  more 
advisable  to  include  this  matter  in  syinpt^ia 
dedicated  to  specific  categexies  of  airci^t,  like, 
in  the  past.  "Ingress  in  I^litary  Airlift"  (May 
1990)  or  "ImprovemMit  of  Comt^  Performance 
of  Existing  and  Future  Aircraft"  (April  1986). 
As  for  new  systems  and  techniques  like 
automatic  rendez-vous  or  automatic  hooking, 
they  could  well  be  dealt  with  in  one  of  the 
frequent  s)^posia  on  flight  tests. 

From  a  wider  point  of  view,  it  could  happen 
that  the  Panel  organizes  a  symposium  on  the 
impact  of  the  changes  in  the  World  situation  on 
the  characteristics  wd  qieration  of  aircraft  in  the 
NATO  Air  Forces.  This  would  be  an  oppor¬ 
tunity  to  assess  the  imprxt^ce  of  Icxig  range  for 
both  combat  aircraft  a^  airlifters. 
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ANNEX  TO  THE  T.ER. 


SUMMARY  OF  PILOT  PAPER  N"  195 


A  PUot  Paper  is  an  internal  working  document  of  the  Flight  Mechanics  Panel,  through  which  any 
Member  of  the  Panel  may  make  a  proposal  for  a  future  activity  of  the  Panel  (symposium,  lectures 
series,  printed  matter,  etc).  The  pa^r  is  studied  in  committee,  amended  if  necessary  and,  if 
consisted  appropriate  by  the  Panel  at  its  Business  Meeting,  is  accepted  as  part  of  its  activity 
programme.  Due  to  its  internal  nature,  it  is  not  relevant  to  publish  this  Pilot  Paper  in  full,  but  an 
extract  widt  the  salient  features  is  given  below. 


Ova*  the  past  years,  long  range  and  long  endu¬ 
rance  have  proved  to  lx  very  useful  in  ope¬ 
rations.  In  tte  same  time,  technologies  which 
imi»ove  these  features  have  developed. 

For  these  reasons,  it  was  found  timely  to 
summarize  the  various  aspects  of  these  perfor¬ 
mance  areas,  which  are  different,  according  to 
the  aircraft  types.  The  contribution  of  o&er 
Panels  was  higmy  recommended. 

The  resulting  suggested  programme  was  as 
follows: 

-  Session  1.-  Airframe  Design  for  Long  Range 

and  Endurance. 

-  qHimizatimi  of  airframe  configuration 
for  higha-  cruise  efHdaicy, 

-  structural  techniques  to  increase  the 
payload  weight  fraction  of  aircraft, 

-  &e  weight  savings  provided  by  non- 
ccMiventioiial  (ie  "not  aluminum")  air¬ 
frame  structures, 

-  techniques  to  improve  the  bound^ 
layer  'character*  on  airframes  in  the  cruise 
configutmion, 

-  advances  in  die  design  and  carriage  of 
aifcraft  stores. 

-  Session  2.*  ftopulsion  System  Optimization. 

-  tedmiques  to  more  eflFicieiitly  integrate 
propidi^on  systems  in  die  airframe, 


-  advances  in  technologies  which  directly 
improve  engine  efficiency  (ie  materials 
that  withstand  higher  temperatures,  etc). 

-  the  tradeoff  between  pure  performance 
requirements  and  cruise  efficiencies  (the 
multiple  design  point  pnoblem), 

-  considerations  of  problems  caused  by 
longer  flight  times  (ie  cooling,  lubri¬ 
cation,  etc), 

-  fuel  choices  to  enhance  range  and 
endurance  and  the  associated  tradeoffs. 

-  Session  3.-  The  Human  Factors  Side  of  the 

Problem. 

-  the  aircrew  performance  implications  of 
extended  qxration  times, 

-  airframe  design  features  which  limit  the 
aircrew  performance  degradation, 

-  cockpit  and  cockpit  systems  design  with 
aircrew  fatigue  in  mind. 

-  Session  4.-  Air-to-Air  Refuelling. 

-  design  studies  of  aircraft  for  modifica¬ 
tion  to  enable  air-to-air  refuelling, 

-  the  tradeoffs  between  air-to-air  refuelling 
(controlled  pod  versus  drogue  and  boom), 

-  the  technique  of  receiver-tanker  rendez¬ 
vous  and  tatter  protectirai, 

-  design  of  aiiframes  as  tanker  aircraft, 

-  oUier  techniques  to  increase  vehicle 
effective  range  (ie  forward  staging  bases). 
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KEYNOTE  ADDRESS  I 

OPERATIONAL  REQUIREMENTS 
by 

Major-General  W.  Breeschoten 

Director  of  Operations,  RNLAF 
135  Binckhorstlaan 
2516  BA  The  Hague 
The  Netherlands 


Ladies  and  Gentlemen,  when  I  looked  at 
the  subject  of  this  symposium:  'Recent 
advantages  in  long  range  and  endurance 
operation  of  aircraft" ,  and  noticed 
the  issues  of  the  associated  sessions: 
"Air  frame  design,  propulsion 
concerns,  human  factors  and  air-to-air 
refuelling"',  I  considered  it 
appropriate  to  discuss  with  you  the 
source  of  all  these  subjects:  the 
operational  requirements .  I  therefore 
decided  to  talk  about  the  requirements 
I,  as  an  operator,  would  have,  if 
somebody  asked  me  what  a  future 
fighter  aircraft  should  look  like,  in 
view  of  the  new  roles  we  have  to 
fulfill  in  NATO.  I  will  not  restrict 
myself  to  those  requirements  directly 
related  to  long  range  and  endurance, 
but  I  will  also  mention  some 
requirements  which  may  impact  the 
foreseen  solutions  for  the  long  range 
and  endurance  problems . 

The  end  of  the  cold  war  means  for  us 
in  Europe  the  end  of  the  preparations 
for  a  war  of  which  a  large  number  of 
factors  were  assumed  to  be  known. 

The  threat  and  the  allies  were  well- 
known  and  called  for  only  one 
scenario.  The  military  strategy  and 
doctrine  therefore  hardly  ever  changed 
and  hence  plans  and  requirements  were 
more  or  less  stable.  And  maybe  the 
most  important  of  all,  the  military 
budgets  were  secure  and  allowed  for 
regular,  qualitative  improvements  of 
aircraft  and  weaponry  meaning  a 
growing  defense  budget.  Those  really 
were  enjoyable  times  for  military 
planners  in  Western  Europe.  Their 
plans  Indicated  that  the  airwar  would 
be  fought  over  own,  familiar  terrain, 
which  for  most  NATO- countries  was 
close  to  own  territory.  Many  diversion 
fields  were  available  in  case  the  home 
base  could  not  be  reached  anymore. 

Aircrew  training  was  virtually 
unrestricted  and  could  take  place 
right  over  the  expected  combat  area. 
Targets  were  well-known  and  hardly 
ever  changed. 


Aircraft  and  helicopters  were 
designedconcentrated  on  manoeuvra¬ 
bility,  payload  and  survivability. 
Those  were  enjoyable  days  for 
aircraft  designers.  Lucky  enough  we 
were  never  forced  to  execute  the 
operational  plans. 

Today  we  face  a  totally  different 
situation.  The  old  and  familiar 
threat  suddenly  has  disappeared  and 
its  place  has  been  taken  by  a  bundle 
of  unknowns .  Unknown  new  threats  and 
new  scenarios  asking  for  unknown  new 
strategies,  doctrines,  requirements, 
training  methods  and  aircraft  design. 
With  the  end  of  the  cold  war  one 
thing  immediately  became  clear:  the 
chances  that  the  next  air  war  would 
have  to  be  fought  in  and  over  the 
familiar  nato  territory  became  unli¬ 
kely.  Although  the  outbreak  of  a 
major  conflict  still  has  to  be  taken 
into  account,  the  focus  of  our 
political  leaders  is  aimed  at  parti¬ 
cipation  in  multinational  peace¬ 
keeping  and  peace  -  enforcing 
operations  in  support  of  resolutions 
of  the  united  nations. 

For  the  European  NATO  countries  this 
means  out-of-area  operations  with  a 
limited  number  of  forces.  Of  course 
there  will  always  be  a  requirement 
for  a  so  called  main  defense  force, 
but  it  is  difficult  to  calculate  the 
required  quantity  in  forces  when  the 
scenario's  are  unpredictable. 
Especially  in  our  democratic  systems, 
political  issues  that  require 
reprioritisation  of  financial  resour¬ 
ces  in  the  short  term  are  more  impor¬ 
tant  than  a  long  term  insurance 
against  worst  case  scenario's. 

Giving  a  lower  priority  to  defense 
budgets  in  favor  of  other  financial 
requirements  is  in  the  current 
situation  fully  understandable.  If 
this  is  a  wise  decision  can  only  be 
proven  in  the  future  when  we  are 
history. 
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According  to  current  national  plans 
the  number  of  fighter  aircraft  in  the 
central  region  will  for  instance  be 
reduced  with  about  50%. 

At  the  same  time  the  political  will  to 
support  peace  keeping  and  peace  enfor¬ 
cing  operations  all  over  the  world  has 
increased.  The  result  of  this  shift  in 
the  use  of  military  power  at  large 
distances  from  their  home  base  and  in 
difficult  to  predict  scenario's, 
requires  an  increased  flexibility. 

The  Gulf  conflict,  cambodia,  and 
Bosnia-Hercegovina  are  just  some  of 
the  places  where  the  Royal  Netherlands 
Air  Force  participated  in  operations. 
This  indicates  that  the  geographical 
area,  in  which  our  air  force  may  have 
to  operate,  has  expanded  quite  drasti¬ 
cally  since  the  cold  war.  This  means 
that  also  our  Air  Force  has  to  prepare 
itself  for  out-of-area  operations. 
Contingency  plans  have  to  deal  with 
the  performance  of  swift  deployments 
and  have  to  have  sufficient 
flexibility  for  the  necessary  adjust¬ 
ments  for  the  specific  area  of 
operations . 

As  future  conflict  areas  are  unknown, 
future  threats  are  also  unknown. 

The  strict  division  of  western 
aircraft  and  air  defense  systems  on 
one  side  confronting  eastern  systems 
on  the  other  side  no  longer  have  to  be 
true.  It  is  more  likely  that  future 
opponents  will  possess  a  mix  of 
western  and  eastern  weapon  systems.  It 
even  is  possible  that  during  conflicts 
operations  have  to  be  flown  against  an 
adversary  with  the  same  weapon  system. 
It  is  therefore  uncertain  what  level 
of  sophistication  the  weapon  systems 
of  the  adversary  will  be.  This  level 
can  range  from  poor  to  highly 
sophisticated. 

Operations  with  fighter  aircraft  are 
likely  to  be  conducted  from  airbases 
located  at  a  significant  distance  from 
the  operations  area.  These  airbases 
may  differ  considerably  from  the  home 
airbases  with  regard  to  runway  length, 
available  arresting  gear,  danger  of 
fod.  It  is  very  likely,  that  (due  to 
the  lack  of  airbases  in  the  theater) 
airbases  ''ill  have  to  accommodate  a 
larger  than  usual  number  of  aircraft. 


Like  in  the  Gulf  it  may  take  months 
before  hostilities  break  out.  After 
arrivaj.,  flying  operations  will  then 
consist  of  air  policing  operations 
along  and/or  across  the  border.  The 
theater  commander  therefore  will 
initially  require  mainly  fighter 
aircraft  to  fulfil  this  role. 

However,  once  hostilities  break  out, 
more  and  more  f ighterbomber  aircraft 
will  be  required  and  the  role  of 
fighters  will  mainly  consist  of 
escorting  f ighterbomber  aircraft  to 
the  target  area,  or  even  better,  will 
be  able  to  switch  roles  from 
defensive  to  offensive  operations. 

In  another  scenario  it  mat  just  be 
the  other  way  around. 

Peace  keeping  and  peace  enforcing 
operations  are  conducted  right  under 
the  eyes  of  the  media  (and  therefore 
the  public) .  This  implies  that  colla¬ 
teral  damage  and  losses  to  civilians 
have  to  be  kept  to  a  minimum.  Chances 
of  fratricide  have  to  be  kept  to  a 
minimum  as  well.  All  participating 
aircraft  should  be  well  protected 
against  air  defense  systems. 

In  air  combat  a  positive  identifi¬ 
cation  will  dictate  the  range  at 
which  air-to-air  missiles  can  be 
deployed.  Visual  identification  may 
be  required  in  all  cases  like  in  the 
current  situation  over  Bosnia- 
Hercegovina.  But  BVR  identification 
capabilities  should  be  available  and 
improved.  For  air-to-ground  opera¬ 
tions  we  need  the  capability  to 
provide  accurate  target  information. 
Fighterbomber  aircraft  will  have  to 
hit  targets  with  sufficient  accuracy. 
This  will  reduce  the  number  of 
sorties  required  to  destroy  a 
selected  target  and  at  the  same  time 
will  reduce  collateral  damage.  Real¬ 
time  transfer  of  targetdata  from 
platforms  like  AWACS ,  FLINT,  JSTARS 
and  space  based  systems  to  fighters 
and  f ighterbombers  is  possible  right 
now.  Last  month  the  USAF  fired  the 
first  anti-radiation  missile  from  a 
F-16,  using  target  information 
gathered  by  a  stand-off  platform  and 
transferred  in  flight  to  the  F-16. 
This  means  that  the  requirement  to 
have  sophisticated  on-board  sensors 
in  all  aircraft  that  have  to  deliver 
ordnance ,  in  the  future ,  can  be 
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reduced. 

Certain  basic  own  capabilities  will  be 
required,  but  the  more  expensive  sys¬ 
tems,  or  systems  that  take  a  lot  of 
space  or  cause  large  weight  penalties 
can  be  put  in  systems  like  AWACS  or 
JSTARS  or  even  space  based  systems.  Of 
course  the  problem  then  arises  that 
one  becomes  dependend  on  the 
organisation  that  controls  these  off- 
board  sensors.  From  a  military  point 
of  view  that  strengthens  the 
requirement  to  maintain  NATO,  because, 
apart  from  the  USAF,  only  within  NATO 
all  these  resources  will  be  available 
and  hopefully  interoperable. 

Our  F'16  will  have  a  true  multi -role 
capability  after  the  mid  life  update 
program  has  been  completed.  The  dis¬ 
advantage  of  the  current  generation 
aircraft  is  their  range  and  endurance 
capability  and  their  radar  cross 
section.  This  is  caused  by  their  basic 
design  and  the  fact  that  ordnance, 
fuel  and,  in  some  cases  like  our  F-16, 
active  ECM  have  to  be  carrried  on 
outboard  stations.  Another  problem  is 
the  vulnerability  for  guns  at 
altitudes  below  10000  feet. 

This  Vulnerability  is  reduced  conside¬ 
rably  when  operations  at  low  altitude 
can  be  performed  at  night.  Of  course 
there  are  weapon  systems  in  the 
current  inventories  that  can  do  these 
things,  but  they  are  available  in 
small  numbers  only  and  especially 
designed  to  operate  in  a  certain 
specified  role. 

An  example  is  the  F-117  of  the  USAF. 

The  range  and  endurance  restrictions 
of  the  current  generation  of  airplanes 
is  partly  solved  by  the  capability  to 
refuel  in  the  air.  The  problem, 
however,  is  the  required  nr  of  tankers 
when  an  operation  of  a  somewhat  larger 
scale  has  to  be  executed  and  the  vul¬ 
nerability  of  these  assets.  The 
operations  in  the  Gulf  have  shown  that 
the  number  of  tankers  required  versus 
the  number  available  very  often  rest¬ 
ricted  the  operational  planners. 

Since  the  development  of  new  aircraft 
becomes  more  and  more  expensive,  while 
the  number  of  aircraft  required 
decreases ,  it  makes  more  sense  Co 
concentrate  in  the  future  on  the 
development  of  a  true  multi -role  air¬ 
craft.  Not  just  an  aircraft  which  can 


perform  well  in  one  role  and  is  capa¬ 
ble  of  conducting  other  roles.  No,  an 
aircraft  which  is  capable  to  achieve 
well  in  the  air-to-air,  air-to-ground 
and  reconnaissance  roles. 

The  discussion  about  the  further 
development  of  the  YF-22,  the  AX  and 
in  the  future  the  MRF  or  just  forget 
the  YF-22  and  the  AX  and  concentrate 
on  MRF  for  both  USAF  and  NAVY  also 
points  in  this  direction. 

A  multirole  aircraft  should  be 
relatively  cheap,  have  enougii 
endurance  and  inherent  aerodynamic 
capabilities  to  fulfil  the  air 
defence  role.  This  would  mean  an 
internal  fuel  capacity  to  stay  on 
station  for  about  4  to  5  hours.  Of 
course,  this  would  give  also  more 
range  for  the  offensive  role.  The 
radar  cross  section  should  be  kept  to 
a  minimum,  which  means  internal 
carriage  of  armament,  internal  ECM 
and  external  fuel  tanks  only  to 
deploy  over  very  long  distances.  Due 
to  the  increased  accuracy  with  which 
conventional  weapons  can  be  delive¬ 
red,  a  reduction  of  the  number  of 
weapons  that  internally  can  be  car¬ 
ried  is  acceptable.  Although  an 
external  carriage  capability  to 
increase  the  number  of  weapons 
carried  should  be  available  in 
certain  scenario's  where  radar  cross 
section  is  not  a  player  anymore. 

To  prevent  FDD  when  operating  from 
less  than  optimum  airbases  particular 
constraints  are  placed  on  the 
position  of  the  engine  intakes  or  we 
have  to  install  systems  to  prevent 
FDD  like  the  Russians  do.  To  assure 
short  stopping  distances  the  instal¬ 
lation  of  a  dragchute  may  be 
required.  Because  airbases  in  the 
operation  theatre  are  probably 
congested  with  aircraft,  maintenance 
and  repair  facilities  will  be 
limited.  Air''r'’^t  systomr  should  have 
extensive  self- test  and  system 
monitoring  capabilities  to  limit  the 
Apart  from  airframe  design,  vectored 
thrust  will  play  an  important  part 
acquiring  these  capabilities. 

Experiences  in  the  F-22  program  show 
very  positive  effects  of  two 
dimensional  thrust  vectoring. 
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Modern  means  of  communication  and  data 
gathering  wil  increase  the  amount  of 
antennas  on  the  airframe .  Antennas  for 
various  datalinks,  global  positioning 
system,  active  missile  warning 
receivers  and  interogators  will  be 
added  to  the  already  existing 
antennas.  Some  systems  will  require 
multiple  antennas  to  achieve  a  good 
coverage.  This  inevitably  will  cause 
drag  penalties.  The  development  of 
antennas  that  can  be  blended  in  with 
the  aircraft  skin  are  therefore  also 
important . 

The  question  single  versus  two  men 
crew  is  the  next  question  to  be 
answered.  With  the  developments  in 
avionics  and  advanced  computer 
programs  that  will  help  the  pilot  in 
his  decision  process  tremendously,  a 
single  seat  will  be  capable  to  perform 
the  majority  of  tasks  and  therefore, 
according  to  me,  will  be  acceptable 
and  more  affordable  for  those  coun¬ 
tries  that  will  have  to  replace  their 
F-16's  in  the  future.  However,  for 
more  complex  tasks  (like  for  instance 
laser  designation  at  night)  the 
possibility  should  exist  to  accomplish 
these  tasks  from  two  seat  aircraft.  An 
important  factor  here  is  that  extra 
room  needed  for  the  second  seat  should 
have  no  impact  on  fuel  quantity  and 
hence  range ,  but  should  be  found  by 
other  means  (by  for  instance  a 
reduction  of  the  amount  of  internal 
carried  weapons) . 

The  choice  between  a  single  and  a  two 
engine  version  is  another  subject  for 
debate.  Ideally  speaking  it  should  be 
possible  to  develop  a  multi  role 
fighcer  in  a  single  engine  and  a  two 
engine  version.  In  that  case  each 
country  could  select  the  type  which 
would  fit  its  requirements.  I  immedia¬ 
tely  admit,  that  this  is  easier  said 
than  done.  The  amount  of  engines 
required  is  a  major  factor  in  aircraft 
design  and  the  question  can  be  raised 
how  much  commonality  in  the  design 
would  be  achieved  and,  if  therefore,  a 
multi  version  design  appraoch  would 
prove  to  be  beneficial. 

The  single  engine  version  will  be 
cheaper  but  will  have  a  slightly 
higher  peace  time  attrition.  For  the 


smaller  air  forces  this  most  probably 
will  be  acceptable . 

Also  an  air  force  fhat  needs  large 
quantities,  like  the  USAF,  may  go  for 
the  single  engine  version.  The  US 
Navy  most  probably  will  require  the 
two  engine  version.  All  this  requires 
a  modular  approach  and  a  lot  of 
common  sense  of  all  participating 
parties . 

I  must  admit  that  these  requirements 
for  a  theoretical  fighter  aircraft 
are  a  very  simple  approach  to  a  very 
complex  problem  since  1  left  out 
variables  like  interests  of  national 
industries  maintaining  enough 
flexibility  in  the  industrial  base 
the  risks  involved  in  too  many  eggs 
in  one  basket  etc.  But  maybe  the 
economic  realities  will  drive  us  into 
the  direction  of  more  commonality 
within  nato  and  force  us  to  use 
economies  of  scale  more  and  more. 
Until  we  have  an  airplane  with  enough 
inherent  range  and  endurance,  the 
requirement  for  air  refueling  capabi¬ 
lity  will  continue  to  exist. 

1  think  there  will  alvrays  be  a 
requirement  for  airrefueling,  only 
the  number  of  tankers  required  may  be 
reduced  due  to  future  developments. 
The  capacity  in  Europe,  however,  is 
limited.  The  RNLAF  has  bought  two  DC- 
10  airplanes  that  will  be  converted 
to  tankers  with  a  boom  system  next 
year.  They  will  be  the  only  two 
tankers  in  Europe  that  can  refuel  for 
instance  F-16  aircraft  of  which  there 
will  be  more  than  600  in  the  European 
inventories  the  coming  decades. 

During  this  symposium  I  understand 
you  will  discuss  the  technologies 
that  will  make  improvements  in  the 
future  possible. 

Ladies  and  Gentlemen.  I  just  covered 
some  of  the  operational  requirements 
for  a  theoretical  new  multirole  air¬ 
craft.  I  realize  that  my  contribution 
to  this  symposium  did  not  solve  any 
of  the  range  and  endurance  problems , 
on  the  contrary,  I  just  added  a  few. 

I  wish  you  a  fruitful  and  pleasant 
symposium  and  I  hope  you  will  have  a 
chance  to  enjoy  your  visit  to  the 
Netherlands . 
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The  Voyager  aircraft,  which  now  hangs  in  the  National  Air 
and  Space  Museum,  was  designed  to  accomplish  a  feat  that 
many  aerospace  people  thought  was  out  of  reach.  This  brief 
article  outlines  the  design  philosophy  showing  how  that  feat 
was  accomplished. 

With  the  singular  goal  in  mind  of  global  non-refueled  flight,  1 
initially  planned  to  design  the  Voyager  for  a  range  well  in 
excess  of  that  required.  This  may  seem  to  have  been  an 
impossibility,  since  the  world  distance  record,  held  for  over 
20  years  by  the  B-52H  bomber  was  only  one-half  the  earth's 
circumference.  I  ruled  out  trying  to  modify  any  existing  design 
or  to  use  any  existing  aircraft  components.  More  than  anyth¬ 
ing  I  had  done  before,  this  would  be  a  very  special  aircraft, 
with  a  specific  design  point-optimizing  range  with  no  other 
generic  compromises. 

The  basic  parameters  I  used  for  the  design  task  were  the  fol¬ 
lowing; 

•  Ability  to  just  barely  takeoff  from  the  world’s  longest  air¬ 
port,  the  3-mile  runway  at  nearby  Edwards  Air  Force 
Base,  California. 

•  Two  crew  (Dick  Rutan  and  Jeana  Yeager)  to  allow  crew  to 
sleep  and  share  duties.  A  total  weight  of  350  pounds 
would  include  their  food  and  water  for  the  entire  trip. 

•  Absolutely  minimum  cabin  size  to  maximise  the  range  of 
the  aircraft.  Crew  comfort  was  not  considered  to  be  a 
major  issue.  They  would  only  have  to  do  the  flight  once! 

•  Two  engines,  to  allow  staging  of  power  during  the  flight. 
The  cruise  power  during  the  last  stages  of  the  flight  with 
nearly  all  the  fuel  gone  would  be  less  than  15%  of  that 
needed  for  the  heavy  weight  takeoff.  Engines  are  not  effi¬ 
cient  at  these  low  power  .settings,  so  by  shutting  off  the 
larger  of  two  engines  several  days  into  the  flight,  the 
important  last  day  would  have  the  remaining  engine  run¬ 
ning  with  at  least  35%  rated  power  for  an  acceptable 
efficiency. 

•  The  engines  and  propellers  would  be  "off-the-sheir 
standard  units  with  a  long  history  of  reliability  so  there 
would  be  no  new  developments  which  might  add  risk  and 
cost. 

•  Only  the  bare  minimum  of  equipment  was  to  be  installed. 
Any  non-essential  weight  would  shorten  range. 


•  The  structure  would  have  to  be  extremely  light  and  still  be 
buildable  by  oar  small  team. 

•  Risks  would  be  taken.  For  example,  there  would  be  no 
protection  from  a  possible  lightning  strike  which  could 
destroy  the  structure. 

The  Breguet  range  equation  which  defines  the  maximum 
range  of  any  airplane  is  a  simple  calculation  using  several 
assumed  constants  regarding  the  efficiency  of  the  engine  and 
propeller,  the  efficiency  of  the  aerodynamic  configuration  of 
the  airplane,  and  the  portion  of  the  takeoff  weight  that  is  fuel. 
Specifically: 


Range  =  K 
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SFC 


Ln 
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Where: 

Range  “  statute  miles 

RE.  is  propeller  efficiency  —  thrust  horsepower  per  engine 
horsepower 

SFC  is  engine  efficiency,  specific  fuel  consumption  —  lb/ 
HP»hr 

n  is  airplane  aerodynamic  efficiency;  lift-to-drag  ratio 
TOW  is  takeoff  weight  =  landing  weight  +  fuel  weight 
LW  is  landing  weight 

K  is  a  constant  —  375  to  normalize  the  units. 

Let’s  now  dissect  this  equation  to  discover  how  I  was  able  to 
achieve  over  twice  the  range  of  any  previous  record  aircraft. 
First,  by  mv  ground  rule  of  using  existing  reliable  aircraft 
engines  and  propellers,  1  planned  no  significant  improve¬ 
ments  on  the  first  term. 

For  the  airplane  efficiency,  1  would  use  a  slender  wing  with 
extremely  long  span  to  distribute  the  weight  lightly  and  evenly 
to  achieve  minimum  aerodynamic  drag  due  to  lift.  The  wing 
and  fuselage  would  be  carefully  shaped  to  optimize  their  con¬ 
tours  to  minimize  aerodynamic  drag  due  to  skin  friction  and 
local  air  pressures.  The  result  would  be  an  airplane  efficiency 
(L/D)  of  between  32  and  40,  depending  on  how  precise  the 
wing  shape  could  be  maintained,  to  achieve  laminar  flow. 
Extensive  laminar  flow  over  wings  is  rare,  since  even  slight 
imperfections  or  insect  strikes  cluttering  the  leading  edges 
will  trip  the  flow  to  the  turbulent  condition,  greatly  increasing 
drag. 
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The  L/D  of  normal  light  planes  ranges  between  9  and  about 
17,  with  the  slickest  airliners  around  20  to  24.  However,  I  was 
to  set  no  records  here,  since  high  performance  sailplanes 
(devoid  of  engine  installations  and  other  drag-producing  pro¬ 
tuberances)  are  able  to  achieve  L/D  values  over  50. 

rite  last  term  of  the  Breguet  range  equation  is  where  the  Voy¬ 
ager  was  to  be  significantly  better  than  any  airplane 
previously  built.  My  initial  goal  was  to  achieve  a  fuel  weight  of 
80%  of  the  takeoff  weight,  a  very  ambitious  goal,  especially 
for  an  airplane  with  long  slender  wings.  Long  wings  mean  high 
bending  loads  requiring  heavy  wing  spars  for  adequate 
strength  and  stiffness.  The  80%  fuel  fraction  would  guarantee 
adequate  range  even  if  laminar  flow  were  not  achieved. 

My  initial  design  attempts  were  to  lay  out  a  slender  fuel-filled 
flying  wing  to  distribute  all  the  fuel  weight  along  the  span.  This 
did  not  work  because  the  proper  size  wing  did  not  have 
enough  volume  to  hold  the  fuel.  Clearly,  most  of  the  fuel 
would  have  to  be  external  to  the  wing.  Placing  the  fuel  in  an 
enlarged  fuselage  would  significantly  increase  the  wing  struc¬ 
tural  weight.  The  slender,  long  wing  was  too  weak  and  flexible 
to  support  the  large  mass  concentrated  at  the  center. 

The  solution  was  obvious.  I  would  have  to  distribute  the 
“external”  fuel  spanwise  along  the  wing.  A  slender  wing  is  very 
weak  and  flexible  in  bending  and  extremely  flexible  for  twist¬ 
ing  loads.  It  was  clear  that,  to  support  large  fuel  masses  along 
the  span,  the  slender  wing  would  have  to  have  some  help.  The 
breakthrough  was  my  unusual  configuration  of  the  Voyager. 
Two  wings,  the  canard  in  front  and  the  long  wing  at  the  back, 
support  the  fuel-laden  “booms"  with  their  relative  bending 
stiffeess.  The  fuel  was  adequately  supported  without  depend¬ 
ing  alone  on  the  torsional  stiffness  of  a  single  slender  wing. 

The  key  to  the  remarkable  range  of  the  Voyager  lies  in  the 
ability  to  build  the  structure  extremely  light,  and  to  not 
burden  the  airplane  with  unnecessary  weight.  The  structure 
would  weigh  only  9%  of  the  takeoff  weight  of  the  airplane. 
One  pound  of  weight  saved  on  the  structure  would  allow  the 
airplane  to  carry  an  additional  pound  of  fuel  without  com¬ 
promising  its  takeoff  performance.  That  pound  of  fuel  would 
carry  the  Voyager  as  much  as  eight  miles.  On  the  other  hand, 
one  pound  of  fuel  added  to  the  takeoff  weight  would  carry  the 
airplane  only  two  miles  and  would  reduce  the  takeoff  per¬ 
formance. 

To  achieve  an  extremely  light  structure,  the  Voyager  was  fabri¬ 
cated  with  graphite  cp-  .y  materials.  The  wing  spars  were 
laminated  in  hand-made  steel  molds  and  cured  under  pres¬ 
sure  at  the  Hercules  autoclave  in  Salt  Lake  City.  The  rest  of 
the  airplane  was  built  right  in  our  small  shop  by  hand  laminat¬ 
ing  the  pre-impregnated  graphite  fibers  in  a  sandwich  form 
(two  thin,  hard  skins  separated  by  a  lightweight  Nomex  hon¬ 
eycomb  material).  After  lamination,  this  sandwich  material 
was  compressed  with  a  vacuum  bag  and  cured  at  250T  using 
a  home-made  oven.  This  resulted  in  an  extremely  stiff,  light 
structural  configuration.  Nearly  all  the  Voyager  components 
(wing  skins,  ribs,  fuselage  skins,  bulkheads)  were  fabricated  in 
this  way. 

During  1983  and  1984,  when  the  Voyager  was  built  at  my 
small  shop,  the  program  was  a  secret.  It  was  not  supported  by 
volunteers  as  it  was  during  its  flight  preparation.  The  majority 
of  the  fabrication  of  the  airplane  was  done  by  three  people, 
Bruce  Evans  (who  had  built  an  all-composite  homebuilt  air¬ 
craft)  and  the  crew,  Dick  Rutan  and  Jeana  Yeager. 


When  the  airplane  initially  flew,  it  was  not  equipped  with  the 
specific  engines  required  for  world  flight,  nor  with  any  (jf  the 
expensive  navigational  gear  which  would  be  required  for 
world  flight.  It  was  initially  flown  “bare  bones"  in  order  to 
carefully  measure  its  capability  so  that  I  could,  based  on 
actual  flight  test  data,  specify  the  world  flight  powerplant  con¬ 
figuration.  Before  the  aircraft  flew,  I  had  thought  the  takeoff 
gross  weight  would  be  more  than  11,000  pounds  and  the 
engine  sizes  would  be  180  horsepower  on  the  front  and  125 
horsepower  on  the  rear.  This  would  provide  good  margins  on 
the  range  performance  required  for  world  flight.  However, 
during  flight  tests  it  was  determined  that  the  structural  flexib¬ 
ility  of  the  airplane  was  a  more  serious  problem  than  had  been 
anticipated.  As  we  flew  the  aircraft  with  more  and  more  fuel, 
serious  problems  were  seen  with  the  turbulence  response  and 
tfiC  stability  characteristics  of  the  airplane.  Above  9.()()() 
pounds  gross  weight  appeared  to  be  extremely  risky.  This  was 
a  serious  problem  which  threatened  the  success  of  the  pro¬ 
gram. 

The  solution  lay  not  in  stiffening  the  structure  nor  in  changing 
the  airframe,  but  in  breaking  an  original  ground  rule  of  using 
only  fully  developed  engines.  Teledyne  Continental  Motors 
was  developing  a  new  water-cooled  aircraft  engine  which 
would  have  as  much  as  7%  better  specific  fuel  consumption 
than  standard  aircraft  engines  could  achieve  While  7%  docs 
not  seem  like  a  large  margin,  it  was  clear  that  if  that  margin 
could  be  achieved,  the  airplane  could  be  flown  around  the 
world  with  considerably  less  fuel,  thus  eliminating  the  need  to 
takeoff  at  more  than  about  9,500  pounds. 

The  new  9,500  pound  takeoff  weight  goal  allowed  me  to  use  a 
140  horsepower  engine  in  the  nose  and  the  efficient  water- 
cooled  110  horsepower  engine  in  the  tail.  Thus  reconfigured, 
flight  test  data  and  calculations  of  the  efficiency  of  the  new 
engines  showed  that  world  flight  capability  still  existed  with 
the  lower  weight  configuration. 

As  the  program  entered  its  second  phase  and  was  turned  over 
to  Dick  and  Jeana  for  world  flight  capability  development,  it 
was  clear  that  the  challenges  to  develop  new  aircraft  systems 
were  considerably  more  significant  than  under  the  original 
ground  rules.  The  first-ever  flight  of  the  new  w'ater-cooled 
engines  occurred  on  the  experimental  Voyager  aircraft. 
Uncertificated  propellers  were  also  selected  and  resulted  in 
some  hazardous  tests  because  they  failed  during  evaluation. 
Re-equipped  with  a  more  standard  propeller  configuration, 
but  with  new  propeller  blade  contours  designed  by  John 
Ronez,  my  consultant  who  also  designed  the  airfoils  for  the 
Voyager  wings,  the  aircraft  was  ready  for  the  world  flight  in 
December  1986. 

The  graph  below  summarizes  the  measured  overall  efficienev' 
of  the  Voyager  aircraft.  These  flight  test  data  overcome  the 
deficiencies  of  the  Breguet  equation,  in  that  the  “constants" 
which  in  reality  are  variables,  are  all  measured  together  for  a 
true  range  prediction.  For  example,  engine  and  propeller  effi¬ 
ciency  vary  with  altitude  and  speed.  Also,  the  best  speed  for 
optimum  L/D  is  not  always  flown  due  to  winds.  The  area 
under  this  curve  is  range,  in  miles.  At  world  flight  takeoff,  at  a 
gross  weight  of  9,700  pounds,  the  Voyager  carried  73%  of  its 
weight  in  fuel,  well  down  from  my  original  goal  of  80%. 

A  nine  day  flight,  fraught  with  every  conceivable  contingency 
of  weather,  turbulence,  tail  winds  and  head  winds  tends  to  be 
a  great  averager.  The  performance  of  the  Voyager  actually 
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turned  out  to  be  within  one  percent  of  its  prediction.  The 
additional  aerodynamic  drag,  which  was  experienced  because 
the  wing  tips  were  damaged  scraping  on  the  runway  during 
takeoff  and  the  loss  of  approximately  100  pounds  of  fuel 
through  a  leaky  fuel  cap,  reduced  the  range  to  a  point  where 
only  1.5%  of  the  takeoff  fuel  remained  (18  gallons)  when  the 


aircraft  landed  ai  Edwards  Air  Force  Base. 

In  1981,  when  we  were  planning  the  program,  we  had  no  idea 
of  the  extent  of  its  difficulty  and  risks.  An  interesting  question 
to  ask  is:  “If  we  had  come  up  short,  would  we  have  had  the 
courage  to  try  again?" 


GROSS  WEIGHT  -  POUNDS 
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HIGH  ALTITUDE  LONG  ENDURANCE  AIRCRAFT  DESIGN  STUDIES 

by 

V.B.  Venkayya  and  V.A.  Tischler 
Wright  Laboratory 
Wright-Patterson  Air  Force  Base 
OH  45433-7552 
United  States 

ABSTRACT 

This  paper  presents  the  results  of  structural  optimization  shidies  made  on  a  High  Altitude  Long 
Endurance  (HALE)  aircraft  at  Wright  Research  and  Development  Center  (now  Wright  Laboratory)  during 
the  late  eighties.  The  purpose  of  this  study  is  to  investigate  the  feasibility  of  developing  a  ultraiightweight 
airframe  that  can  operate  at  high  altitudes  for  extended  periods  of  time  in  order  to  provide  continuous 
reconnaissance,  surveillance,  communications  and  targeting  functions.  A  variety  of  structural  concepts 
and  material  studies  were  made  prior  to  settling  on  a  twin  boom  very  high  aspect  ratio  wing  airframe. 
The  wing  and  fuselage  structures  are  made  of  truss  substructures  covered  with  skins,  both  made  of  high 
strength,  high  modulus,  lightweight  composite  materials.  Extensive  structural  optimization  studies  were 
conducted  in  order  to  obtain  a  lightweight  structure.  The  large  size  of  the  aircraft  drove  the  design  to  a 
stiffness  critical  structure. 

INTRODUCTION: 


During  the  late  eighties  and  early  nineties  a  number  of  government  agencies  and  industries  made 
preliminary  design  studies  on  unmanned  aircraft  for  operation  at  very  high  altitudes  for  an  extended  period 
of  time  as  an  inexpensive  means  for  continuous  reconnaissance,  communications  and  targeting  funcuons 
The  Wright  Laboratory  (WI.).  then  called  the  Wright  Research  and  Development  Center  (WRDC), 
conducted  a  preliminary  design  study  on  a  version  of  HALE  (High  Altitude  Long  Endurance  Aircraft) 
during  1988  and  1989.  The  WRDC  team  was  made  up  of  engineers  from  aerodynamics,  structures, 
materials,  controls,  landing  gear  and  propulsion. 

At  present  satellites  and  manned  aircraft  are  the  primary  means  for  high  altitude  reconnaissance  and 
surveillance.  However,  these  systems  can  only  provide  continuous  coverage  for  a  few  hours  at  a  time. 
In  contrast  unmarmed  high  altitude  long  endurance  aircraft  can  provide  continuous  coverage  for  long 
periods  (several  days)  of  time.  Recent  advances  in  sensor  resolution,  propulsion  systems,  advanced 
structural  concepts,  materials,  controls  technology  and  modern  avionics  can  provide  a  high  degree  of 
reliability  for  the  auionuinous  flight  of  die  unmaiuied  aircraft.  Some  of  the  key  requirements  of  a  HALE 
aircraft  are  high  aerodynamic  efficiency,  minimum  weight  (both  suuctural  and  nonstructural  components), 
minimum  power  for  maximum  endurance,  robust  confrols  and  a  variety  of  advanced  subsystems.  An 
adequate  wing  surface  and  an  efficient  airfoil  configuration  are  essential  for  low  subsonic  night  at  high 
altitudes.  The  low  air  density  and  slow  speed  may  not  provide  adequate  lift  or  control  power  to  stabilize 
the  aircraft.  In  addition,  the  airspeed  must  be  sufficient  to  overcome  high  altitude  winds.  Lightweight 
structures  are  necessary  in  order  to  maximize  the  mission  payload.  A  variety  of  high  stiffness/high 
strength  and  lightweight  composite  materials  are  available  for  HALE  applications.  However,  they  need 
to  be  tested  for  environmental  stability  at  high  altitudes.  The  severity  of  the  ozone  environment  at  high 
altitudes  may  be  detrimental  to  organic  composites.  In  addition,  the  application  of  modem  optimization 
methods  in  structural  design  can  significantly  enhance  structural,  aerodynamic  and  control  efficiencies 
while  minimizing  the  weight.  They  in  turn  can  reduce  the  power  requirements.  A  variety  of  propulsion 
systems  such  as  turbocharged  engines,  chemical  fuels  (hydrogen),  solar  power,  beamed  microwave  energy 
and  nuclear  isotope  power  must  be  considered  in  order  to  obtain  a  high  degree  of  propulsion  efficiency. 
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onphasis  on  its  long  range  ctqxibiiities: 
.  p^ible  flight  on  2  engines  only, 

.  all-weather  equipment, 

.  ergonomy  (low  vibration  level). 


goals  were  not  mucn  empnasizea  in  me  ictiuic, 
particularity  for  the  purpose  of  range  impro¬ 
vement,  this  is  the  target  of  the  three  examples 
which  are  very  clearly  presented  in  this  paper. 


Environmental  conditions  such  as  wind,  hail  and  icing  play  an  important  role  in  the  safe  operation  of 
HALE  aircraft.  The  total  payload  must  include  the  needed  redundancy  for  weather  related  extension  of 
the  mission. 

The  primary  mission  of  the  HALE  aircraft  is  reconnaissance  and  surveillance.  The  military  mission 
is  for  the  detection  and  tracking  of  low  observable  targets  including  aircraft  surveillance  for  die  protection 
of  air  and  ground  forces  and  the  Navy  fleet.  The  civilian  mission  may  include  search  and  rescue,  drug 
interdiction,  ocean  mission  fisheries  patrol,  mapping,  atmospheric  sampling,  etc.  The  payload  and  mission 
profile  of  the  aircraft  were  derived  from  the  Air  Defense  Initiative  (ADI).  Two  ADI  radar  antenna  sizes 
were  considered  for  the  HALE  application.  The  smaller  antenna  is  50  ft  long  and  7  ft  high,  while  the 
larger  one  is  70  ft  long  and  1 6  ft  high.  Total  budgeted  weight  of  the  two  antennas  are  4 1 25  lbs  and  1 4400 
lbs  respectively.  The  mission  profile  for  the  HALE  aircraft  is  shown  in  Fig.  1  (Ref.  1).  The  HALE 
structural  design  optimization,  which  is  the  main  focus  of  this  paper,  is  based  on  high  strength,  high 
modulus  composite  materials.  Details  of  the  structural  design  study  were  documented  in  references  1.1. 


Fig.  1  H.ALE  ADI  nominal  mission  profile 


HALE  AIRCRAFT  CONFIGURATION 


A  twin  fuselage  configuration  was  selected  for  this  study,  and  it  is  shown  in  Fig.  2.  A  number  of 
performance  and  economic  advantages  were  cited  for  the  twin  fuselage  vehicle  over  tlie  conventional 
single  fuselage  concept:  (1)  sharply  reduced  aircraft/payload  interference,  (2)  reduction  in  wing  weight 
due  to  the  load  (bending  moment)  alleviation  between  the  fuselage  segments,  (3)  reduction  in  overall 
landing  gear  weight  etc.  The  rotating  propellers,  in  particular,  reflect  signals  to  the  antenna  and  cause 
interference.  The  antennas  on  the  outboard  side  of  the  two  fuselages  could  significantly  reduce  the 
Interference  problem  due  to  reflection  from  the  propellers  as  well  as  from  the  wing. 
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Wing  Span  =  270  ft 
Aspect  Ratio  =  30 

TOGW  H-Sa  18000  lbs.  H-8B  25000  lbs 

Fig.  2  HALE  H-8B  pt)int  design 

However,  one  of  the  major  drawbacks  of  a  twin  fuselage  plane  with  a  connection  only  at  the  wing  (no 
connection  at  the  tail)  is  that  the  demand  on  the  flight  control  system  would  be  severe  in  order  to  maintain 
the  fuselages  alignment  with  control  twist  only.  The  wing  twist  conuol  is  important  to  maintain  the 
"optimum"  lift  distribution  along  the  wing  span.  However,  it  is  much  easier  to  control  the  wing-anglc-of 
attack  variation  along  the  span  in  a  twin-fuselage  configuration.  Fig.  3  shows  the  bending  moment 
variation  along  the  wing  span  for  a  twin  f'  selage  and  a  single  fuselage  configuration.  By  appropriate 
selection  of  the  spacing  of  the  two  fuselage^  the  severity  of  the  wing  bending  can  be  reduced  by  as  much 
as  50%.  The  reduction  in  wing  bending  moment  allows  for  a  lighter  wing  structure.  However,  any 
increase  in  fuselage  weight  will  be  more  than  offset  by  a  reduction  in  wing  and  landing  gear  weights. 
Another  advantage  of  the  twin-fuselage  configuration  is  the  increased  volume  available  for  payload  which 
mainly  consists  of  radar  antennas  and  fuei.  The  fuel  in  this  case  is  likeiy  a  hydrogen  fuel. 

Basically  two  aircraft  configurations  were  considered  in  this  study.  Both  were  twin  fuselage  aircraft 
as  shown  in  Fig.  2.  The  two  fuselages  were  connected  only  along  the  wing.  Tlie  power  plant  consisted 
of  four  engines  in  push  propeller  configuration  mounted  on  the  center  wing.  The  two  configurations, 
called  H-8A  and  H-8B,  differ  only  in  the  total  takeoff  weight  and  the  number  of  days  of  endurance.  The 
H-8A  is  the  lighter  of  the  two  (18000  lbs  versus  25000  lbs  takeoff  weight).  Correspondingly  the  H-8B 
is  intended  for  a  six  day  mission  compared  to  a  four  day  mission  for  the  H-8A.  Tlie  fuel  requirements 
are  about  50%  for  the  H-8A  compared  to  the  H-8B.  There  is  little  difference  in  the  structural  arrangement 
of  these  two  configurations.  A  patrol  altitude  of  65000  ft  and  a  true  airspeed  of  2(X)  knots  were 
considered  to  be  an  optimum  combination  for  mission  utility,  endurance  and  radar  performance. 
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Fig  3.  HALE  ultimate  wing  bending  moment  comparison 
The  physical  dimensions  of  the  two  HALE  aircraft  are  summarized  in  Table  1. 


Table  1.  The  Physical  Dimensions  of  the  Two  HALE  Aircraft 


Aircraft 

.... 

H-8A 

H-8B 

Payload 

18000  lbs 

25000  lbs 

Endurance 

4  days 

6  d  s 

Wing  Span 

270  ft 

270  ft 

Wing  Aspect  Ratio 

30 

30 

Air  Patrol  Altitude 

65000  ft 

65000  ft 

True  Airspeed 

200  knots 

200  knots 

Fuel  Wt 

3500  lbs 

7400  lbs 

Fuel 

Hydrogen  or  JP4 

Hydrogen  or  JP4 

Material 

T50  (T40) 

T50  (T40 
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WING  AND  FUSELAGE  INTERNAL  STRUCTURE 


Lightweight  and  adequate  stiffness  are  the  two  important  considerations  in  the  design  of  a  HALE 
aircraft  structure.  The  wing  design  is  primarily  governed  by  wing  deflection,  twist  and  aeroelastic 
stability.  Antenna  performance  is  sensitive  to  fuselage  deflections.  In  essence  both  the  wing  and 
the  fuselage  designs  are  stiffness  and  weight  driven.  It  is  obvious  that  lightweight  graphite  composite 
materials  offer  the  best  opportunity  for  high  perfcnmance  at  reasonable  cost.  New  composite  materials 
exhibit  high  strength,  high  modulus  and  the  fatigue  resistance  necessary  in  HALE  applications.  A  bonded 
graphite  epoxy  structure  is  the  prime  candidate  in  this  HALE  design.  However,  thermoplastics  are 
seriously  considered,  even  though  they  are  more  expensive.  Nevertheless,  they  may  offer  a  better 
advantage  when  all  the  cost  drivers  such  as  manufactureability,  repairability  and  toughness  considerations 
are  considaed.  Material  properties  used  in  this  study  for  T50  (baseline)  and  T40  graphite  epoxy  systems 
are  shown  in  Table  2. 


Table  2.  Materials  Properties 


T-50  T-40 

Longitudinal  Tension 

Strength  (10**3  psi)  105.5  235.0 

Modulus  (10**6  psi)  35.0  25.0 

Poisson’s  Ratio  .28  .33 

Longitudinal  Compression 

Strength  (10**3  psi)  70.0  125.0 

Modulus  (10**6  psi)  35.0  25.0 

TransvCTSe  Tension  and  Compression 

Strength  (10**3  psi)  2.6  5.0 

Modulus  (10**6  psi)  1.06  1.50 

Inplane  Shear 

Strength  (10**3  psi)  4.6  7.0 

Initial  Modulus  (10**6  psi)  .84  1.0 


Notes: 


Strengths  are  50%  of  dry,  room  temperature  values  for  graphite/epoxy. 

T-50  and  T-40  are  fiber  designations. 

Properties  based  on  Union  Carbide  ERL- 1962  resin  and  62%  fiber  by  volume. 
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The  preferred  structural  concept  for  this  HALE  study  is  a  graphite  composite  truss  substructure 
covered  with  a  layered  composite  skin  of  the  same  material.  The  wing  structural  concept  is  shown  in  Fig. 
4.  It  is  a  multispar  and  multirib  structure  made  of  graphite  composite  tubes,  with  wing  skins  made  of  a 
0°,  90°,  +45°  (quasi-isotropic  to  start)  layup.  The  spar  caps  and  rib  caps  are  acting  as  both  the  truss 
membors  and  the  wing  skin  panel  boundaries.  The  entire  wing  box  was  constructed  of  bonded  graphite 
epoxy  (or  peak/thermoplastic)  components.  The  rib  and  spar  caps  wo-e  1.0"  chaimels  (inside  dimension). 
The  vertical  diagonal  membo's  wete  1"  square  tubes  (outside  dimension).  The  tubes  would  be  inserted 
into  the  chatmels  and  bonded  to  the  inside  of  the  charmel  walls  at  the  joints.  The  baseline  leading  and 
trailing  edges  utilize  prepeg  Kevlar  cloth  and  graphite  qx>xy  skins  and  a  Nomex  honeycomb  core.  The 
leading  ,^ge  uses  sandwich  skin,  and  the  trailing  edge  uses  a  full  depth  honeycomb. 

The  stiff  substructure  breaks  the  wing  skin  into  a  number  of  panels  semirigidly  supported  at  all  four 
sides.  The  spacing  of  the  spar  and  rib  trusses  is  governed  by  the  wing  skin  thickness  failure  in  a  panel 
buckling  mode.  If  the  trusses  are  spaced  too  far  apart,  the  skin  needs  a  honeycomb  core  support  in  order 
to  stabilize  the  panels. 


•  STRUCTURAL  ARRANGEMENT 

•  TRUSS  STRUCTURE  -  SKIN  COVER  -  WING 


Fig.  4  Wing  internal  structure 


In  addition,  the  pressure  load  on  the  wing  skin  can  deform  it  sufficiently  to  alter  the  airfoil  shape 
and  the  airflow  over  the  wing.  The  choice  of  the  wing  skin  layup  as  well  as  the  spacing  of  the  trusses 
are  airfoil  and  conflgtiration  dependent.  The  wing  twist  control  and  panel  stabilization  considerations  may 
dictate  a  larger  percentage  of  ^5°.  A  rib  spacing  of  2.0  ft  was  selected  in  order  to  prevent  the  spar  caps 
from  buckling  as  columns. 


A  thin  (0.002  in)  Tedlar  coating  of  the  composite  structure  is  recommended  as  a  protection  against 
ozone,  ultraviolet  radiation  and  moisture.  Minimum  gage  thickness  for  the  wing  skin  is  specified  at 
0.021",  the  honeycomb  face  sheet  at  0.0105  in  and  0.1  sq.in.  for  the  tube  and  channel  cross-sectional 
areas. 

The  fuselage  structure  is  also  a  graphite  composite  structure  covered  with  the  same  skin  as  the 
wing.  The  CToss-section  of  the  fuselage,  Rg.  5,  shows  the  truss  skin  arrangement.  The  fuselage  is  very 
lightly  loaded  during  all  phases  of  the  mission,  and  it  was  established  that  a  minimum  gage  structure  is 
adequate.  In  order  to  establish  the  adequacy  of  the  construction,  extensive  testing  at  the  coupon, 
component  and  full  scale  level  is  necessary.  In  addition  a  local  buckling  analysis  of  the  panels  and 
columns  is  necessary.  Buckling  considerations  may  add  additional  material  at  selected  locations. 


Fig.  5  HALE  H-8B  fuselage  cross-section 
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An  estimated  weight  summary  of  the  H-8B  aircraft  is  given  in  Table  3. 


Table  3.  H-8B  Weight  Summary 


weight 

wing  station 

lb. 

in. 

Structure 

5900 

707 

Wing 

3400 

720 

H-tail 

180 

731 

V-tail 

90 

731 

Fuselage 

1830 

722 

Landing  Gear 

200 

720 

Nacelles 

200 

318 

Propulsion 

6055 

646 

Motors 

144 

319 

Gear  Boxes 

197 

319 

Propellers 

461 

319 

Fuel  Tanks 

1204 

720 

Compressors 

121 

720 

Scrubbers 

312 

720 

Accessories 

607 

720 

Stacks 

1238 

720 

Inverters 

253 

319 

Radiators 

911 

695 

Heat  Exchangers 

607 

720 

Equipment 

1375 

528 

Avionics  -  fwd 

250 

720 

-  aft 

100 

720 

Electrical  -  wing 

719 

353 

-  fuse 

156 

720 

Actuators  -  fwd 

50 

720 

-  aft 

100 

720 

Fuel 

7400 

720 

Payload 

4270 

761 

Radar 

2700 

762 

IFF 

70 

762 

Communications 

100 

762 

IRST 

400 

750 

Antenna  Support 

1000 

762 

TOGW 


25000 


695 
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High  lift  and  low  drag  coefficients  are  critical  for  high  altitude,  low  subsonic  and  long  endurance 
flight.  The  LClllA  airfoil  was  considered  the  most  appropriate  candidate  to  satisfy  the  requirements. 
It  is  a  thick  airfoil  which  can  easily  accommodate  the  high  bay  composite  lightweight  structure.  Compre¬ 
hensive  aerodynamic  and  wind  tunnel  test  results  are  also  available  for  the  LClllA  airfoil.  See  Fig.  6. 


Fig  6.  Airfoil  section 


HALE  AIRCRAFT  LOADS 


The  aircraft  is  designed  for  effective  static  loads,  and  the  loads  analysis  was  performed  on  the  wing 
and  fuselage  separately.  The  loading  conditions  are  summarized  in  Table  4.  (Ref.  2). 


Table  4.  Loading  Conditions  Summary 


LOADING 

CONDITION  DESCRIPTION 


1 

2 

3 

4 

5 

6 


Ultimate  Positive  Lift  -  full  fuel 
Ultimate  Positive  Lift  -  half  fuel 
Ultimate  Positive  Lift  -  empty  fuel 
Ultimate  Negative  Lift  -  full  fuel 

Load  1  +  Differential  Tail  Loads  (-tve  on  one  tail  and  -ve  on  the  other) 
Load  4  +  Differential  Tail  Loads,  but  opposite  to  Load  5 
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The  ultimate  load  factors  were  calculated  as  follows: 
Clnoc  =  W  /  (((U„)  X  (S)) 

LLF  =  (uaf)x(Cl„„/Cl„J 
ULF  =  (n)  X  (LLF) 


where 


Cl«,o,  =  nominal  lift  coefficient  (level  flight) 

C1q„  =:  maximum  lift  coefficient  (stall  condition) 

W  =  aircraft  weight 

n  =  factor  of  safety  (1.25  for  up  and  away  flight) 

q„..  =  maximum  dynamic  pressure 

uaf  =  unsteady  aerodynamics  factor  (1.25) 

S  =  wing  planform  area 
LLF  =  limit  load  factor 
ULF  =  ultimate  load  factor 

An  unsteady  aerodynamics  factor  was  used  to  account  for  the  instantaneous  higher-than-stall  lift. 
An  elliptical  spanwise  pressure  distribution  was  assumed.  The  chordwise  lift  distribution  was  interpolated 
from  wind  tunnel  pressure  data  from  the  L1003M  airfoil  at  the  stall  angle-of-attack  (14°).  Actual  test  data 
matched  the  theoretically  predicted  distribution  at  -10°.  A  theoretical  distribution  and  an  achial  test  data 
showing  a  stalled  condition  were  available  at  -15°.  Some  typical  pressure  distributions  are  shown  in  Fig. 
7. 


The  inertia  loads  for  the  flight  condition  were  calculated  using  the  mass  distribution  shown  in  Table 
3.  The  fuselage  bending  moment  diagram  is  shown  in  Fig.  8. 

A  number  of  auxiliary  computer  programs  were  written  to  transfer  the  aerodynamic  and  inertia 
loads  data  to  the  structural  grid  points.  One  of  these  integrates  the  wing  pressure  data  and  assigns  the  load 
to  structural  grid  points.  The  other  program  transforms  the  shear-moment-torque  diagrams  to  equivalent 
gridpoint  loads.  The  third  program  is  for  the  computation  of  equivalent  El  and  GJ  properties  (beam 
properties)  of  the  composite  wing  and  fuselage  components  for  use  in  the  control  system  sizing.  It  first 
computes  the  line  of  the  elastic  axis  (connecting  shear  centers)  with  a  complete  finite  element  analysis  of 
the  wing  box  with  a  plate-rod  elements  model,  and  then  determines  the  El  and  GJ  properties.  This 
program  needs  further  testing  and  validation. 


0.50 
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Figure  8  Fuselage  bending  Bonent  diagram 


Fuselage  Bending  Moment  Diagram 
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STRUCTURAL  ANALYSIS  AND  OPTIMIZATION 


The  primary  analysis  and  optimization  program  used  in  this  study  is  called  OPTSTAT  (Ref.  4). 
It  is  an  in-house  structural  optimization  program  based  on  an  optimality  criterion.  It  is  intended  only  for 
the  design  of  structures  subjected  to  static  loads.  The  structural  element  resizing  algorithm  in  OPTSTAT 
is  based  on  (Ref.  4). 


u-Hl  up  u  1/2 
A  =  A  [Z  C  e  ] 

J=1  j  ij 


where 


A'^‘  -  Design  variable  vector  in  the  (u  +  1)  cycle. 

A'’  -  Design  variable  vector  in  the  previous  cycle. 

Cj  -  Weighting  parameters  approximated  from  the  Lagrangian  multipliers. 

ejj  -  Strain  energy  density  function  in  the  i*  element  corresponding  to  the  j'*'  design  condition. 

I  -  The  summation  is  on  the  number  of  design  conditions. 

The  design  variables  are  the  sizes  of  the  structural  elements. 

The  same  resizing  formula  (with  some  modification)  is  used  to  determine  both  the  overall  thickness 
of  the  element,  and  the  percentage  of  fibers  corresponding  to  each  direction  in  the  elements,  the 
advantage  of  this  simple  but  approximate  resizing  formula  is  that  it  allows  OPTSTAT  to  complete  the 
design  very  rapidly,  even  in  the  presence  of  thousands  of  variables.  In  most  cases  it  does  not  take  more 
than  five  or  six  cycles.  The  program  supports  only  triangular  and  quadrilateral  membrane  elements  (for 
wing  skins),  the  shear  panel  for  spars  and  ribs,  and  rods  for  the  spar  caps,  rib  caps  and  posts. 

RESULTS  OF  THE  HALE  STUDY 


Numerous  wing  optimization  studies  were  conducted  in  connection  with  this  HALE  design  study. 
They  included  many  trade  studies  with  different  composite  materials.  The  results  of  the  most  promising 
study  is  included  in  this  paper.  The  structural  weight  summary  and  the  wing  tip  displacements 
corresponding  to  the  first  four  loading  conditions  are  given  in  Table  5. 
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Table  5.  HALE  Study  Results 

H-7  -  H-8  WING  COMPARISON 


min.  size  =  .021 

T-50  (50  %  ALLOWABLE  STRENGTHS)  piy  thickness  =  .002625 


WEIGHT 

ITERATION 

— 

TOTAL  WEIGHT 

SKIN  WEIGHT 

ROD  WHGHT 

1 

3266.  2489. 

2628. 

1999. 

638.  490. 

2 

964.  886. 

504. 

433. 

460.  453. 

3 

603.  538 

343. 

279. 

260.  259. 

4 

639.  728 

336. 

364. 

303.  364. 

5 

679.  643. 

349. 

334. 

330.  309. 

6 

678.  599. 

353. 

287. 

325.  312. 

z- 

DISTLACEML] 

k  TT-O 
>1  1 

** 

NODE 

LC#1 

LC#2 

LC#3 

LC#4 

1 

165.2  95.2 

176.3  96.5 

182.0  94.0 

-43.0  -60.9 

3 

165.2  95.3 

176.9  96.6 

183.2  94.1 

-43.3  -60.7 

5 

165.2  95.4 

177.3  96.7 

184.0  94.2 

-43.5  -60.6 

7 

165.2  95.5 

177.6  96.7 

184.7  94.2 

-43.7  -60.5 

9 

165.2  95.6 

178.2  96.8 

186.0  94.3 

-43.9  -60.4 

11 

165.2  95.8 

179.2  97.0 

188.3  94.5 

-44.5  -60.1 

FULL  TANKS 


HALF  TANKS  EMPTY  TANKS  FULL  TANKS 
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The  baseline  structural  concept  was  a  six  spar  configuration  with  the  spars  at  10,  21,  28.5,  35, 47.5 
and  70%  locations,  and  they  are  shown  in  Fig.  9. 


x/c 


Fig.  9  Liebeck  laminar  rooftop 


The  six  spar  configuration  was  selected  to  assure  against  panel  buckling  and  to  maintain  the  airfoil  shape 
under  pressure  load  in  the  absence  of  honeycomb  core  support  for  the  wing  skins.  Nevertheless,  some 
of  the  strength  optimized  skin  panels  were  buckling  critical.  An  increase  in  the  number  of  +45®  layers 
solved  the  skin  buckling  problem.  Table  6  contains  the  results  of  a  number  of  design  optimization  studies 
(Ref.  2).  This  design  study  indicated  that  much  of  the  HALE  structure  is  governed  by  minimum  sizes 
indicating  that  the  structure  stiffness  is  critical  and  not  the  strength.  Table  6  also  contains  trade  studies 
involving  3  and  6  spar  wings,  T40  versus  T50  materials  etc. 


SUMMARY  AND  CONCLUSIONS 


This  HALE  study  establishes  the  feasibility  of  designing  ultralightweight  structures  for  long 
endurance.  The  designs  are  primarily  stiffness  critical  as  opposed  to  strength.  The  vehicles  are  very 
lightly  loaded  and  tend  to  be  dominated  by  minimum  gages  for  the  structural  elements.  The  advantage 
of  structural  optimization  is  that  the  final  designs  are  relatively  insensitive  to  changes  in  structural 
concepts.  This  is  particularly  true  where  the  structure  is  governed  predominantly  by  minimum  sizes. 

This  HALE  delineated  the  basic  elements  of  the  aircraft  preliminary  design  process  in  a  modem 
computer  aided  design  environment.  The  modern  structural  optimization  tools  promote  effective 
communication  between  the  engineers  on  various  subsystems.  They  enhance  trade  studies  involving  new 
materials  and  structural  concepts.  They  can  significantly  reduce  the  cost  and  product  development  time 
while  expanding  the  performance  bounds. 


■  i»v«  iwawiiwx 
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interference  problem  due  to  reflection  from  the  propellers  as  well  as  from  the  wing. 
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Table  6.  HALE  Wing  Trade  Study  Results 

maximum  vertical 

weight 

tip  deflection 

maximum  twist  angle 

(lb) 

(in) 

(degrees) 

H-8A 

758 

+116/-115 

-0.6 

6.1 

H-8B 

(T-50) 

839 

+86/-54 

-1.5 

T-40 

767 

+248/-157 

-1.3 

6.2 

T-50 

(H-8B) 

839 

+86/-54 

-1.5 

Single 

981 

+279/- 184 

-2.1 

6.3 

Twin 

(T-40) 

767 

+248/- 157 

-1.3 

Single 

1340 

+  13.5/-89 

-1.4 

6.4 

Twin 

(T-50) 

839 

+86/-54 

-1.5 

I.O 

839 

6.5 

2.0 

(T-50) 

1282 

.54 

670 

6-spar 

839 

+86/-54 

-1.5 

6.6 

3 -spar 

(T-50) 

583  (+128) 

+  112/-64 

-3.2 

[0,90,  +45] 

583  (+266) 

+  112/-64 

-3.2 

6.7 

(3 -spar) 

(±45) 

944 

+100/-58 

+.4 

Note: 


-  Maximum  deflection  and  twist  are  due  to  ultimate  load. 

-  Maximum  twist  angle  is  recorded  for  symmetric  load  cases 
only  and  is  measured  relative  to  aircraft  centerline. 

-  Positive  deflection  is  up  and  positive  twist  is  pitch  up. 

-  All  trades  performed  on  twin  hisclage,  6-spar  concept  with 
(+45,  0,  45,  90]s  skins  unless  otherwise  noted. 

-  All  weights  shown  are  semi-span  wingbox  optimum  weights. 
Weights  do  not  Include  honeycomb,  adhesive,  coating,  leading 
edge,  trailing  edge,  or  additional  structure  required  for 
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attaching  fuselages,  propulsion  system,  etc.,  except  the 
weights  in  ()  in  6.6  and  6.7  which  are  included  for  comparison 
purposes. 
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1.  Summary 

This  paper  presents  the  conceptual  work  performed 
in  Alenia  during  the  recent  years  for  defining  some 
possible  configurations  for  military  and  civil  HALE 
(High  Altitude  Long  Endurance)  aircraft  capable  of 
carrying  very  different  kinds  of  payloads  and  with 
mission  durations  ranging  from  one  to  two  days. 
Also  in  relation  to  the  aircrew  fatigue  implied  by  such 
a  long  flight  time,  they  all  have  been  conceived  as 
UMA  (UnManned  Aircraft),  achieving  in  that  way  a 
significant  reduction  of  mass  and  complexity, 
withstanding  the  maturity  of  automatic  control 
system. 

The  acromechanical  aspect  of  the  configurations  (i.c 
aerodynamics,  propulsion,  structures,  systems,  weights 
and  performances)  will  be  discussed  in  detail 
considering  that  HALE-UMA  type  of  aircraft  have  to 
face  some  technical  challenges  in  many  fields 
generated  by  the  rather  demanding  requirements  in 
terms  of  payload  and  endurance. 

2.  Introduction 

In  recent  years  the  intcrc.st  for  some  quite  innovative 
civil  roles  has  considerably  .own  all  over  the  world. 
This  fact  is  due  to  the  increased  concern  that  is  spread 
all  around  the  industrialized  world  for  earth 
resources,  high  atmosphere  sampling  and 
environmental  problems  monitoring  that  is  promoted 
in  particular  by  some  organizations  in  order  not  to 
destroy  biological  equilibrium  of  the  world. 

On  the  other  hand  f.om  the  mill,  ry  pjint  of  view 
the  necessity  has  emerged  of  efficiently  performing 
peacetime  long  range  surveillance  and  intelligence 
gathering  in  ri.sk  areas. 

These  missions  up  to  now  have  been  only  performed 
by  special  versions  of  already  existing  large  and 
expensive  military  aircraft  that  arc  not  particularly 
suited  to  these  new  tasks. 

As  it  will  be  evident  from  the  following  paragraphs 
both  these  role  categories  can  be  efficiently 
performed  by  aircraft  capable  of  very  long  duration 
missions  at  outstandingly  high  altitudes. 

In  those  conditions  the  presence  of  the  crew  on  board 
implies  heavy  penalties  to  the  configuration  in  terms 
of  weight  and  basic  system  complexity. 

Moreover  it  must  be  also  highlighted  that  for  manned 
HALE  aircraft  the  long  mi.ssion  duration  determines 
heavy  consequences  on  aircrew  fatigue  thus  requiring 
frequent  crew  turnaround  with  the  a.s.sociatcd  costs. 


3.  Possible  HALE-l'MA  requirements 
At  the  beginning  of  1990  ALENIA  decided  to  explore 
this  new  area,  trying  to  identify  the  basic  requirements 
for  such  new  types  of  aircraft,  looking  at  all  possible 
applications  for  both  civil  and  military  roles. 

Before  describing  in  some  detail  the  conceptual 
studies  performed  it  is  better  to  have  a  brief  survey 
of  the  tasks  they  have  to  cope  with,  and  the  suitability 
of  HALE-UMA  to  perform  them  with  high 
effectiveness  in  comparison  with  more  conventional 
aircraft  and  in  a  cooperative  scenario  with  satellite 
based  system. 

3.1  Civil  tusks 

Civil  versions  can  have  a  wide  spectrum  of 
applications  ranging  from  earth  monitoring,  support 
to  emergencies  and  many  others  by  assuring  a  service 
that  can  be  exploited  only  at  mud-  greater  co.sts  with 
satellites  or  that  cannot  be  effectively  accomplished 
at  all  with  any  other  existing  means. 

3.1.1  Earth  monitoring 

In  this  role  HALE-UMA  aircraft  can  be  considered 
first  of  all  as  a  valid  alternative  to  satellites  that  have 
been  used  for  this  kind  of  applications  for  many  years 
since  they  can  cover  some  specific  needs  in  a  more 
efficient  way. 

In  fact,  beside  the  belter  resolution  achievable  with 
aircraft  in  comparison  with  satellites  due  to  the  much 
lower  flight  altitude  it  is  also  important  to  stress  that 
an  airplane  can  be  vectored  in  whatever  zone  is 
needed  to  survey  in  short  time  and  it  can  perform  the 
monitoring  continuously  for  a  period  of  one  or  two 
days  if  this  is  required. 

During  this  time  a  continuous  data  link  with  control 
station  on  ground  is  maintained  or  acquired 
informations  arc  stored  on  board  for  eventual 
processing. 

On  the  other  hand  satellites  are  bound  to 
predetermined  position  in  space  or  can  perform  only 
periodical  passages  over  the  zone  to  monitor  with  a 
forced  time  lag  between  two  cdnsccutivc  observations. 
In  any  ca.se  these  kinds  of  aircraft  and  the  already 
existing  satellites  can  al.so  be  used  together  to  enhance 
the  effectiveness  of  the  whole  system. 

The  sensors  already  used  in  satellites,  their  spatial 
resolution  and  the  time  lag  between  two  successive 
observation  are  summarized  in  table  3.1. 1-1,  while  a 
possible  use  of  a  HALE-UMA  aircraft  teaming  with 
satellites  for  this  kind  of  applications  is  sketched  in 
figure  3.1.1-1. 


Presented  at  an  AGARD  Meeting  on  'Recent  Advances  in  Long  Range  and  Long  Endurance  Operation  of  Aircraft',  May  /W.l. 
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SENSOR 

SATELLITE 

TIME  INTERVAL 

SPATIAL 

RESOLUTION 

Imaging  radiometer 

Meteosat  GOES  GMS 

30  mins 

1  -7Km 

AVHRR 

NOAA  10  - 12 

12  h 

l-7Km 

MSS 

Landsat  5-6 

16  days 

60  -  80  m 

TM 

Landsat  5  -  6 

16  days 

30  m 

HRV 

SPOT 

12  h  ,  3  days 

10  -  30  m 

SAR 

ERS-1  JERS-1 

3  days  ,  35  days 

30m 

Table  3.1.1-1 


DISASTERS 

INTERESTED  AREA 

SPATIAL 

TEMPORAL 

[Km2] 

RESOLUTION 

RESOLUTION 

(ml 

[min] 

Floods 

10^- 105 

<10 

15 

Avalanches 

102  -  10^ 

10-  100 

60 

Earthquakes 

102  -  10^ 

<10 

1  -  10 

Seaquake 

104 

10 

1  - 10 

Volcano  belch 

103  -  10^ 

<10 

30 

Woody  fires 

102  - 103 

10 

15 

Sea/lake  pollution 

103-  106 

10-100 

30-60 

Air  pollution 

1(P 

100 

15 

Tabic  3. 1.2-1 


3.12  Support  to  emergencies 

In  this  role  HALE-UMA  aircraft  may  first  of  all  be 

used  to  monitor  areas  hit  by  natural  disasters. 

In  fact  in  case  of  such  disasters  it  is  vital  for  the 
people  tasked  of  the  assistance  organization  to  have 
the  most  detailed  situation  awareness  in  the  least  time 
and  to  know  precisely  how  the  situation  docs  evolve, 
in  order  to  take  the  most  suited  action. 

The  usual  natural  calamities,  the  extension  of  areas 
involved  and  the  required  resolution  in  terms  of  .space 
and  time  are  summarized  in  table  3. 1.2-1. 

In  this  case  we  have  to  note  that  the  time  in  which 
the  situation  evolves  is  in  any  case  longer  than  24 
hour,  thus  imposing  an  heavy  requirement  in  terms 
of  patrol  time. 

In  the  case  of  performing  this  task  with  piloted 
aircraft  huge  cost  implications  for  their  acquisition 
and  operation  arc  to  be  taken  into  account. 

It  is  important  to  stress  that  such  task  clearly  cannot 
be  performed  by  satellites  considering  their  peculiar 
characteristics  and  in  particular  their  inherent 
limitations  in  terms  of  time  lag  between  observations 
that  have  been  already  de.scribcd  above. 


3.U  Other  tasks 

An  HALE-UMA  can  find  applications  in  response  to 
other  needs  nowadays  being  increasingly  felt  by  the 
social  communities  all  over  the  world. 

The  widespread  attention  to  the  levels  of  atmosphere 
pollution  and  to  the  ozone  depiction  has  been 
enhanced  by  the  awareness  of  the  damages  due  to  the 
today  air  transportation  system  and,  in  perspective,  to 
be  expected  from  the  future  supersonic  transport 
presently  under  study. 

Shifting  to  another  problem  area  the  devastations 
caused  by  drug  diffusion  have  stimulated  the 
perception  of  the  need  for  a  tighter  control  of  such 
cultures  and  traffic. 

The  peculiar  features  of  an  HALE-UMA  in  terms  of 
outstanding  values  of  patrol  time  and  altitude  and  the 
high  resolution  achievable  using  a  SAR  (Synthetic 
Aperture  Radar)  make  this  aircraft  perfectly  suited 
for  some  scientific  applications  like  high  atmosphere 
sampling  and  ozone  measurement. 

Furthermore,  its  difficult  detectability  from  the 
ground  and  all  weather  capability  enable  it  to 
stealthily  monitor  forbidden  trades  or  some  other 
illegal  activities. 

The  latter  of  these  roles  is  already  being  exploited  by 


2-3 


some  models  of  existing  aircraft  but  the  high  sensor 
resolution,  long  patrol  time  and  payload  weight 
capability  of  especially  designed  HALE-UMA  aircraft 
can  significantly  enhance  the  efficiency  of  patrolling. 
On  the  other  hand  the  former  ones  are  up  to  now 
performed  by  balloons  equipped  by  up  to  1600  Kg  of 
scientific  apparatus  but  this  sort  of  flying  machines 
suffer  from  the  fact  that  their  track  is  almost 
completely  driven  by  the  atmospheric  winds  without 
any  means  of  guidance. 

32  Military  roles 

Military  versions  of  HALE-UMA  aircraft  may  be 
dedicated  primarily  to  long  range  aerial  surveillance, 
ballistic  missiles  launch  detection  and  intelligence 
gathering. 

A  typical  scenario  in  which  such  airplanes  may 
operate  is  depicted  in  figure  3.2-1. 

For  almost  all  these  military  roles  the  extremely  high 
patrol  altitude,  and  the  use  of  sensors  with  long  range 
detection  capability  allow  this  type  of  aircraft  to  fly 
over  friendly  territory  thus  reducing  in  that  way  the 
probability  of  being  exposed  to  hostile  fire  and 
consequently  enhancing  the  effectiveness  of  the 
system;  in  any  case  the  peculiar  characteristic  of  being 
unmanned  eliminates  human  hazard  during  real  war 
operations. 

3J1.1  Long  range  surveillance 
HALE-UMA  aircraft  for  long  range  aerial 
surveillance  can  be  considered  as  a  really  low  cost 
version  of  AWACS  aircraft  since  they  can  carry  a 
sophisticated  high  performance  radar  and  have  an 
extremely  high  loiter  time  in  the  order  of  one  to  two 
days  at  an  altitude  of  about  20  Km. 

Their  characteristic  of  being  unmanned  also  avoids 
the  problems,  weights  and  costs  associated  with  the 
many  crew  members  necessary  to  AWACS  operations 
provided  that  the  presence  on  board  of  an  adequate 
ground  data  link  be  ensured. 

322  Surface  target  acquisition 
In  this  role  the  HALE-UMA  with  the  use  of  a 
FTI/MTI  (Fixed  Target  Indicator  /  Moving  Target 
Indicator)  radar  can  control  ground  movement  of 
troops  and  support  the  attack  operations  performed 
by  hostile  aircraft. 

Also  in  this  case  the  high  patrol  time  in  the  order  of 
one  day  and  altitude  of  about  20  Km  do  enhance  the 
effectiveness  of  this  kind  of  airplane  configurations  in 
comparLson  with  today  recce  systems. 

3.23  Ballistic  missile  launch  detection 

Ballistic  mis.siles  interception  can  be  more  effectively 

performed  in  the  case  of  their  early  detection. 

When  considering  the  presently  used  systems  it  must 
be  emphasized  that  the  detection  capability  range  of 
ground  radars  is  limited  by  terrain  morphology  and 
AWACS  or  satellites  are  really  expensive  solutions. 
On  the  other  hand  in  a  much  less  expensively  way  the 
enemy  ballistic  missiles  at  the  moment  of  their  launch 


can  be  detected  by  HALE-UMA  aircraft  equipped 
with  infrared  sensor  enabling  the  activation  of  suitable 
countermeasures  for  their  interception. 

Particularly  suited  for  this  application  are  high  loiter 
altitude  and  long  endurance  while  payload  is  relatively 
small,  as  it  is  in  the  order  of  no  more  than  300  Kg. 

33.4  Intelligence  gathering 

At  present  this  task  is  only  performed  by  special 
versions  of  allready  existing  large  airplanes  like 
U2/TR1,  C130,  C135  or  by  satellites  with  obviously 
heavy  costs  implications  both  in  terms  of  acquisition, 
operations  and  maintenance. 

Long  endurance  characteristic  and  adequate 
availability  of  quite  high  payload  weight  and  volume 
make  HALE-UMA  type  of  aircraft  extremely  suitable 
for  this  application,  also  considering  that  pilot  actions 
are  really  unnecessary  during  the  mission,  while  fast 
deployability  makes  these  airplanes  also  more  suitable 
than  satellites  for  this  application. 

4.  Technological  challenges 

In  order  to  start  the  preliminary  sizing  of  the 
configuration  it  has  been  necessary  to  define  the 
technological  level  required  to  be  adopted  for  the 
aircraft. 

The  necessity  to  keep  costs  at  a  minimum  imposed 
to  reduce  as  much  as  possible  weights  and  dimensions 
of  the  aircraft  thus  forcing  the  designers  to  adopt  the 
most  advanced  technical  solutions. 

On  the  other  hand  these  solutions  have  to  be  all 
achievable  at  present  without  a  big  investment  in 
research  and  development  that  would  increase  cost 
itself,  so  that  in  many  cases  they  appear  to  be  quite 
conventional. 

4.1  Aerodynamics 

From  the  aerodynamic  point  of  view  the  configuration 
of  any  HALE-UMA  is  heavily  conditioned  by 
requirements  of  high  aerodynamic  efficiency. 

As  well  known,  the  most  relevant  aerodynamic 
endurance  parameter  for  propeller  driven  aircraft  is 
E*Cl^/^;  ffom  this  the  necessity  arise  of  flying  at 
quite  high  values  of  lift  coefficients  even  higher  than 
those  of  maximum  efficiency. 

At  such  high  lift  coefficient  values  the  wing  sections 
have  to  maintain  laminar  flow  over  substantial  wing 
chord  fractions  at  low  values  of  Reynolds  number. 

In  order  to  cope  with  this  need  a  conceptual  trade-off 
had  been  done  between  wing  sections  ranging  from 
12  to  19  %  that  demonstrated  the  overall  superiority 
of  the  thinner  one,  also  considering  the  relatively  high 
values  of  local  Mach  numbers  in  the  design  condition. 
A  brief  survey  of  this  trade-off  results  is  represented 
in  figure  4.1-1  in  which  it  is  evident  that  the  achievable 
efficiency  with  the  12  %  thick  wing  section  is  about 
double  with  only  a  roughly  12  %  increase  of  wing 
weight  and  20  %  decrease  of  maximum  lift  coefficient. 
In  order  to  keep  also  lift-induced  drag  at  a  minimum 
it  is  mandatory  to  use  the  highest  possible  value  of 
aspect  ratio  compatible  with  present  tecnological 
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limits,  illustrated  in  Tigure  4.1-2. 

A  value  of  40  has  been  chosen  thus  imposing  also 
very  demanding  structural  requirements  to  ensure  an 
adequate  wing  stiffness  to  prevent  flutter  and  aileron 
reversal  phenomena. 

The  maximum  efficiency  and  the  drag  breakdown 
relevant  to  typical  military  and  civil  aircraft  in 
comparison  to  HALE-UMA  configuration  are 
represented  in  figure  4.1-3  and  4.1-4. 

These  diagrams  evidence  the  really  superior 
aerodynamic  performance  of  this  kind  of  aircraft  that 
are  more  comparable  to  sailplanes  from  this  point  of 
view  being  their  aerodynamic  efficiency  from  1.5  to  3 
times  that  of  civil  and  military  aircraft  respectively, 
also  taking  in  account  the  extremely  low  value  of 
design  Reynolds  numbers  that  promote  usually  a  drag 
increase. 

Furthermore,  being  the  radiators  drag  a  significant 
fraction  of  the  whole  parasitic  drag  owing  to  (heir 
dimensions  caused  by  the  extremely  low  air  density, 
the  feasibility  of  surface  heath  exchangers  will  also  be 
investigated. 

In  fact  preliminary  calculations  have  shown  (hat  this 
improvement  to  the  baseline  configuration  can 
decrease  its  zero  lift  drag  by  about  5  %. 

These  radiators  could  be  positioned  over  not  heavily 
stressed  surfaces  like  fin  torsion  box  panels  in  order 
to  avoid  piping  failures  and  liquid  leakage  due  to  wing 
flexing. 

42  Propulsion 

At  the  very  beginning  of  the  conceptual  phase  a  trade 
off  has  been  performed  with  the  aim  of  defining  the 
most  suitable  propulsion  system  for  this  kind  of 
airplanes  flying  at  extremely  high  altitudes  and 
relatively  low  speeds. 

This  study  only  considered  engine  types  that  are  at 
present  technologieally  feasible  without  any  important 
development  work. 

Thus  we  excluded  from  the  start  all  the  really  exotic 
propulsion  system  like  nuclear,  solar/battery,  liquid 
oxygen  and  others  that  are  from  one  standpoints  very 
appealing  but  that  would  have  certainly  required 
heavy  investments  in  terms  of  time  and  money  for 
their  development. 

With  these  assumptions  this  study  considered  only 
reciprocating,  turboprop  and  turbojet  engines. 

It  resulted  that  without  any  doubt  the  old  fashioned 
turbocharged  reciprocating  engine  is  the  most 
efficient  solution  from  the  point  of  view  of  the  total 
propulsion  weight  (engine  plus  fuel)  in  the  range  of 
speeds  and  altitudes  required  for  that  sort  of  aircraft. 
One  of  the  decisive  factors  for  this  choice  is  the  thrust 
lapse  ratio  of  turbojet  and  turboprop  in  comparison 
to  flat  rated  reciprocating  engines  that  is  illustrated 
in  figure  4.2-1. 

From  this  figure  it  is  evident  that  in  order  to  obtain 
the  required  thrust  of  only  50-60  Kg  in  the  loiter 
condition  at  25  Km  it  is  necessary  to  intall  for  example 
a  turbojet  engine  capable  of  a  static,  sea  level  thru.st 
of  20  times  greater  i.e.  about  1 100  Kg,  with  a  weight 


in  the  order  of  250  Kg  instead  of  a  reciprocating 
turbocharged  engine  of  about  100  HP  with  a  total 
weight  of  about  210  Kg  comprising  all  the  accessories. 
What  is  more  important  is  the  worse  specific  fuel 
consumption  of  turbojet  and  turboprop  in  comparison 
to  reciprocating  engines  that  produces  a  fuel  flow 
from  1.4  to  2.5  times  greater  as  illustrated  in  figure 
4.2-2. 

In  conclusion  the  total  propulsion  weight  obtained 
considering  engine  plus  the  fuel  required  for  a  24 
hours  endurance  time  may  be  evaluated  in  about  600 
Kg,  1000  and  1300  Kg  for  reciprocating,  turboprop 
and  turbojet  engines  respectively  like  illustrated  in 
figure  4.2-3. 

In  any  case  it  is  important  to  stress  that  the 
turbocharged  reciprocating  engines  considered  are 
required  to  be  flat  rated  up  to  the  loiter  altitude  of 
about  20  or  25  kilometres;  this  fact  imposes  a 
noteworthy  challenge  to  the  propulsion  system 
manufacturer,  the  pressure  ratio  of  the  turbocharger 
unit  being  roughly  above  20  to  1  or  40  to  1 
respectively  as  it  is  possible  to  see  in  figure  4.2-4. 
This  last  requirement  is  satisfied  by  using  two  or  three 
stages  of  turbocharging  with  intercoolers  between 
each  stage  and  before  feeding  the  engine. 

The  propeller  also  must  be  designed  to  achieve  an 
efficiency  in  the  order  of  90  %  by  using  sections  and 
blade  shapes  especially  suited  to  the  range  of 
Reynolds  and  tip  Mach  number  attainable  in  flight. 
The  propellers  considered  have  fixed  pitch  and  are 
driven  by  a  variable  gear  reduction  unit  because  this 
solution  has  been  considered  preferable  to  the  most 
usual  variable  pitch  propeller  taking  in  account  the 
single,  extremely  well  defined  design  condition  of  the 
configuration. 

In  fact  for  this  kind  of  airplane  it  is  mandatory  to 
feature  an  extremely  high  propulsion  efficiency  in  the 
loiter  condition  and  just  an  adequate  thrust  in  the 
take  off  and  climb  condition. 

Therefore  the  necessity  is  avoided  of  having  high 
propulsion  efficiency  in  many  points  of  the  flight 
envelope  that  is  peculiar  to  and  achievable  by  a 
variable  pitch  propeller,  obtaining  in  that  way  a 
reduction  of  the  weight,  complexity  and  co.st  of  the 
whole  propulsion  system. 

4J  Structure 

From  the  structural  point  of  view  the  main  challenge 
is  to  build  the  wing  structure  stiff  enough  to  avoid 
flutter  and  aileron  reversal  conditions  in  ail  the  flight 
envelope  with  the  least  weight  considering  the 
extremely  high  value  of  aspect  ratio  chosen  to 
improve  aerodynamic  efficiency. 

On  the  other  hand  the  design  flight  conditions, 
namely  low  Mach  and  Reynolds  numbers,  promote 
the  adoption  of  rather  thick  wing  sections  alleviating 
in  that  way  the  structural  problems. 

In  order  to  choose  the  material  for  the  primary 
structures  a  conceptual  study  has  been  performed 
whose  results  in  terms  of  strength  and  stiffness 
referred  to  the  weight  are  briefly  summarized  in 
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figure  4.3-1. 

This  study  considered  aluminium  alloys,  fiberglass  and 
graphite  epoxy  reinforced  liber  and  demonstrated  that 
by  far  the  latter  is  the  most  suitable  structural 
material  when  strength  and  stiffness  are  required  with 
the  least  weight,  being  their  characteristics  almost 
more  than  2.5  times  greater  than  those  of  the  other 
materials. 

Moreover  it  is  mandatory  to  prevent  wrinkling  of  wing 
surfaces  that  would  destroy  the  laminar  (low  over  the 
wing,  and  then  the  adoption  of  graphite  composite 
material  becomes  mandatory. 

Considering  the  present  state  of  the  art  and  the  low 
values  of  load  factor  and  dynamic  pressure  imposed 
to  that  sort  of  aircraft,  a  specific  weight  of  about  10 
Kg/m^  referred  to  the  planform  surface  is  considered 
feasible  for  a  wing  structure  using  high  strength 
graphite  epoxy  fibre. 

This  represents  a  weight  target  that  is  from  4  to  5 
times  less  with  respect  to  modern  civil  and  military 
aircraft  wings  as  it  is  illustrated  in  figure  4.3-2. 

Total  predicted  structural  weight  savings  versus 
composite  material  usage  is  depicted  in  figure  4..3-3 
as  it  resulted  from  previous  statistical  studies. 

4.4  Systems 

The  main  challenges  concerning  systems  are 
generated  by  the  peculiar  characteristic  of  this  .sort  of 
configuration  of  being  unmanned. 

In  particular  the  avionic  and  communication  system 
must  be  capable  of  performing  the  following  tasks: 

-  navigation 

-  control  of  flight 

-  ground  and  satellite  communications 

-  data  exchange  between  all  the  on  board  devices 

During  each  mission  the  flight  will  be  autonomously 
controlled  by  the  airplane  itself  in  all  the  phases  but 
the  take  off  and  landing  that  on  the  contrary  can  be 
remotely  controlled  by  a  human  pilot  located  in  a 
ground  station. 

This  does  not  imply  that  future  UMA  cannot  be 
autonomously  landed  by  MLS  (Microwawe  Landing 
System)  connected  with  an  autolanding  system, 
whose  know-how  can  be  derived  by  the  experience 
gathered  from  manned  aircraft. 

Autonomous  flight  phases  may  be  programmed 
before  the  take  off  or  reprogrammed  during  the  flight 
from  the  ground  in  order  to  overcome  particular 
events  or  emergencies  not  foreseen  before. 

The  on  board  computer  must  be  able  to  perform  the 
continuous  monitoring  of  all  the  flight  parameters 
(incidence,  heading,  speed,  altitude  ccc.)  and  to 
generate  input  signals  for  flight  controls. 

In  addition  it  is  necessary  to  install  on  board  a 
data-link  system  highly  integrated  with  the  other 
navigation,  communication,  control  and  payload 
systems  and  capable  to  transmit  to  the  ground  the 
flight  parameters  and  to  receive  input  signals  for  the 
direct  control  of  flight  and  for  the  mission 


reprogramming. 

Taking  into  account  the  large  distances  implied,  the 
data-link  system  needs  to  be  operated  through 
satellite  channels. 

For  what  concerns  the  other  systems  they  don’t  pose 
particular  challenges;  it  is  just  worth  to  say  that,  as 
the  dynamic  pressure  is  quite  low  and  the  speed  of 
actuation  is  not  particularly  demanding,  flight  controls 
can  be  of  all  electric  type. 

In  this  case  total  power  generation  has  to  be  provided 
by  starter  generators  driven  by  the  engines  that  must 
also  be  capable  of  providing  enough  power  also  in 
case  of  engine/generator  failure. 

In  order  to  cope  with  the  event  of  total  power 
generation  loss  a  reserve  battery  has  to  be  installed 
in  order  to  perform  a  safe  return  to  home  base. 

5.  Preliminary  sizing 

Assuming  the  above  illustrated  technological  levels,  a 
trade  off  study  of  a  typical  HALE-UMA  configuration 
has  been  performed  allowing  the  definition  of  the 
total  take-off  weight,  empty  weight  and  fuel  weight 
for  different  values  of  payload  weight  and  loiter 
duration. 

Loiter  durations  of  1,  2  and  3  days  with  payload 
weight  ranging  from  300  to  1700  kg  have  been 
considered. 

These  values  have  been  defined  to  cover  the  possible 
aircraft  requirements  to  perform  all  the  tasks 
illustrated  in  the  preceding  paragraph. 

The  mission  profile  used  for  this  study,  typical  for  an 
HALE-UMA  aircraft,  is  composed  of  the  following 
phases: 

-  Take  off 

-  Climb  to  loiter  altitude 

-  Cruise  of  UXX)  Km  to  loiter  area 

-  Loiter  at  a  speed  no!  lower  than  180  KTAS 

-  Return  crui.se 

-  Descent 

-  Landing  with  5  %  reserve  fuel 

Mi.ssion  fuel  and  other  weights  have  been  calculated 
with  the  cla.ssical  and  well  known  methods  of 
preliminary  sizing  using  aerodynamic,  propulsive  and 
structural  parameters  consistent  with  the  assumed 
technology  levels  that  have  been  previously  described 
and  some  statistical  relationships  derived  from  the 
limited  amount  of  data  pertinent  to  this  class  of 
aircraft. 

In  figure  5.-1  the  results  of  this  analysis  are  illustrated 
in  terms  of  take-off  weight  versus  loiter  duration  and 
payload  weight,  while  a  sensitivity  study  of  the  loiter 
duration  relevant  to  a  typical  HALE-UMA 
configuration  is  pre.scntcd  in  figure  5.-2. 

This  plot  had  been  obtained  by  varying  the  main 
aerodynamic  and  propulsive  parameters  in  order  to 
a.ssc.ss  the  influence  on  the  most  relevant  aircraft 
performance  of  each  technology  level  variation  with 
respect  to  the  asse.ssed  value  . 

This  preliminary  sizing  proved  the  feasibility  of  an 
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HALE-UMA  aircraft  with  a  reasonable  level  of 
complexity,  costs  and  dimensions  consistent  with 
already  existing  technological  capability,  it  led  the  way 
to  the  subsequent  configuration  definition  and 
detailed  dimensioning  already  in  progress. 

6.  Selected  configuration 

On  the  basis  of  the  preliminary  sizing  and  trade  off 
studies  illustrated  in  the  previous  paragraph  a  rather 
detailed  configuration  layout  definition  of  four 
different  version  of  HALE-UMA  aircraft  has  been 
performed. 

All  these  four  configurations  have  different  payload 
weights,  dimensions  and  loiter  durations  and  are 
conceived  to  perform  some  of  the  tasks  defined 
before,  both  military  and  civil. 

Interest  is  now  focused  on  the  last  one  and  the 
description  of  its  requirement  and  general 
characteristics  is  presented  in  the  following 
pharagraphs. 

6.1  Requirements 

The  main  characteristic  of  this  configuration  is  its 
extremely  enhanced  payload  modularity. 

Thus  it  has  been  designed  in  order  to  have  the 
payload  housed  in  a  pallet  of  about  3  of  volume 
that  is  completely  separated  from  the  remaining 
airframe. 

Therefore  the  aircraft  can  be  easily  reconfigured  for 
different  roles,  both  military  and  civil,  in  a  very  short 
period  of  time  simply  by  changing  the  pallet,  so  that 
it  can  be  considered  a  real  all  purpose  configuration. 
This  version  is  capable  of  loiter  time  in  the  order  of 
one  day  with  a  pallet  of  600  Kg  at  an  altitude  of  20 
Km  or  at  25  Km  if  the  payload  is  reduced  to  100  Kg. 
In  such  a  way  both  ground  surveillance  and  scientific 
mission  can  be  performed  with  a  noteworthy 
capability. 

62  General  description 

As  stated  in  the  previous  paragraph  the  main  feature 
of  this  configuration  is  its  capability  of  carrying  a 
pallet  which  can  accommodate  many  kinds  of  payload 
for  different  roles  and,  what  is  mo.st  important  from 
the  configuration  point  of  view,  featuring  different 
weights  and  dimensions. 

Therefore,  it  is  mandatory  to  position  (he  payload 
with  its  centre  of  gravity  coincident  with  that  of  the 
complete  aircraft  in  order  to  avoid  balance  problems 
with  payload  change. 

Moreover  a  twin  engine  solution  has  been  chosen  for 
safety  reasons;  in  order  to  improve  the  compactness 
of  the  configuration  the  engines  have  been  placed  one 
in  front  of  and  the  other  behind  the  payload  bay  in 
a  push  pull  arrangement. 

This  solution  has  been  preferred  to  a  more 
conventional  one  with  two  tractor  engine  nacelles  over 
the  wing  and  a  separate  fuselage  for  some  reasons. 
In  fact,  total  airplane  frontal  area  has  been  reduced, 
eliminating  two  extremely  draggy  items  like  isolated 
engine  nacelles  over  the  wing  that  have  been  replaced 


by  only  one  integrated  fuse  containing  th'  two 
engines,  the  payload  and  the  systems. 

Moreover  total  wetted  area  of  the  configuration  has 
been  reduced  allowing  a  further  decrease  of  drag  and 
weight  of  the  configuration. 

Drag  is  also  reduced  by  having  the  two  propellers 
aligned  on  the  same  axis  and  thus  only  one  stream 
tube,  instead  of  two,  spoiling  wing  laminar  flow. 
After  this  brief  description  of  the  reasons  that  have 
led  to  this  configuration  shape  we  can  describe  its 
peculiar  characteristics. 

The  structural  layout  of  the  wing  is  based  on  a  twin 
spar  torsion  box  arrangement  with  sandwich  upper 
panel  and  solid  laminate  lower  panel,  all  made  from 
high  strength  graphite  epoxy  reinforced  fibre  and  that 
also  forms  the  fuel  tank  in  his  central  zone  between 
the  booms. 

Roll  control  is  obtained  by  means  of  ailerons  located 
along  trailing  edge  from  the  booms  to  approximately 
60  %  of  wing  span;  this  rather  unusual  arrangement 
is  due  to  the  need  of  reducing  bending  loads  and  of 
enhancing  aileron  reversal  speed. 

The  ailerons  are  divided  in  sections,  each  about  one 
meter  long,  connected  to  the  others  through  a  joint 
in  order  to  avoid  hinges  jam  when  the  wing  deflects 
under  flight  loads. 

At  approximately  17  %  of  semispan  two  tubular, 
tapered  booms  are  attached  to  the  wing  torsion  box; 
they  carry  at  their  rear  ends  the  empennages  that  are 
joined  in  order  to  exploit  the  mutual  favourable 
aerodynamic  interference. 

The  central  fuselage  is  connected  to  the  wing  with 
four  fittings  and  it  carries  the  payload  pallet,  the 
engines  with  their  turbochaigers,  the  landing  gear  and 
the  systems. 

The  landing  gear  is  a  bicycle  type  with  auxiliary 
outriggers  located  on  the  wing  for  ground  stability 
during  taxiing  that  are  jettisoned  after  the  take-off 
phase. 

This  fact  is  basically  due  to  the  presence  of  a  rather 
long  payload  bay  that  is  located  near  the  center  of 
gravity  on  a  small  width  fuselage  compared  to  wing 
span  that  prevents  the  use  of  a  more  conventional 
tricycle  type  with  the  main  legs  housed  in  fuselage 
side  pods. 

The  reciprocating  turbocharged  engines  are  flat-rated 
at  110  HP  each  up  to  the  loiter  altitude  of  25 
kilometres  and  drive  two  4  m  diameter  fixed  pitch 
propellers  by  means  of  a  variable  gear  reduction  unit. 
The  avionics  and  systems  bay,  located  in  the  front 
fuselage  forward  of  the  pallet  area,  is  closed  by  means 
of  a  large  non  structural  panel  with  easily  removable 
latches  for  belter  mainiainability  and  serviceability 
When  speaking  about  systems  it  is  worth  to  briefly 
deal  with  the  avionic  system,  the  flight  control  system 
and  the  electric  system. 

The  latter  provides  the  total  power  generation  by 
means  of  two  6  KW  starter  generators,  each  driven 
by  one  engine,  and  a  reserve  battery  in  ca.se  of  total 
power  generation  loss. 

This  solution  has  been  preferred  to  the  AC  power 
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generation  with  TRU  (Transformer  Rectifier  Unit)  in 
order  to  minimize  total  system  weight  and  complexity. 
The  conceptual  layout  of  this  system  is  presented  in 
figure  6.2-1. 

Cii  liic  hand  the  avionic  system  is  composed  by 
the  navigation  and  control,  data  link,  satellite 
communications  and  air  data  subsystems. 

As  far  as  navigation  and  control  subsystem  is 
concerned,  it  has  to  cope  with  the  conditions  of 
autonomous  and  remotely  controlled  flight  and  is 
composed  by  an  inertial  navigation  unit,  a  GPS 
(Global  Positioning  System)  and  a  NAFCC 
(Navigation  And  Flight  Control  Computer). 
Considering  the  outstandingly  flight  time  and  the 
absence  of  crew,  the  navigation  and  control  system 
requirements  are  really  demanding  in  terms  of 
reliability  and  integration  with  the  other  systems,  both 
on  board  and  on  the  ground. 

The  data  link  subsystem  have  to  receive  the  input 
from  ground  station  for  the  remote  flight  control  and 
to  transmit  back  all  the  flight  parameters  and  the 
payload  data;  thus  also  in  this  case  a  great  integration 
with  the  other  systems  is  required. 

The  sketch  of  the  avionic  conceptual  layout  is 
depicted  in  figure  6.2-2. 

For  what  concerns  the  flight  control  system,  as 
anticipated  in  para  4.4  it  has  been  conceived  all 
electric  in  order  to  save  total  system  weight  and 
complexity,  taking  into  account  its  not  particularly 
demanding  rcquiicments  in  terms  of  power  required 
and  speed  of  actuation. 

Weights  and  dimensions  of  this  configuration  and  its 
three  view  arc  collected  in  table  6.2-.3  and  figure  6.2-4. 


7.  Ground  support 

The  HALE-UMA  system  will  be  interfaced  with  two 
ground  based  control  stations,  dedicated  to  the 
payload  and  to  the  aircraft  respectively  and  each  one 
with  different  functions: 

-  to  perform  the  processing  of  the  data  coming  from 
sensors  and  to  control  the  operations  of  the  sensor 
itself 

-  to  monitor  the  mission  also  interfacing  with  air 
traffic  controllers,  reprogramming  the  mission 
itself  when  necessary  and  to  pilot  the  aircraft 
during  the  take-off  and  landing  phases 

For  all  the  applications  the  ground  station  dedicated 
to  payload  monitoring  will  be  interfaced  with  the 
appropriate  central  control  station,  both  military  or 
civil  depending  on  the  application  that  will  be  the  end 
user  of  the  data  collected  by  the  airplane  during  the 
mission. 

Owing  to  the  peculiar  characteristics  of  certain  of  the 
roles  envisaged  it  will  also  be  extremely  useful  to 
locate  these  ground  stations  in  containers  installed  on 
trucks  to  provide  system  mobility  and  fast 
deployment. 

8.  Conclusions 

The  preliminary  design  studies  here  described  have 
verified  the  feasibility  of  HALE-UMA  aircraft 
capable  of  flying  at  altitudes  up  to  25  kilometres  with 
payload  weight  up  to  1000  kilograms  and  loiter 
duration  from  1  to  2  days  at  a  distance  of  almost  lOtK) 
kilometres  from  the  main  base. 

It  has  also  been  demonstrated  that  such  an  aircraft 
can  be  realized  using  technologies  already  affordable, 
although  exploited  at  their  highest  level,  without  a 
huge  investment  in  new  researches  that  would 
increa.se  costs  and  time  schedule. 
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Figure  4.1-1 


Figure  4.1-2 
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CANDIDATE  ENGINES 
THRUST  LAPSE  RATIO 


ENGINES  CHARACTERISTICS 
COMPARISON 


WEIOMT  fUCL  FLOW 


J 
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Figure  4.2-3 


Figure  4.2-4 
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Future  Supersonic  Commercial  Transport  Aircraft  : 
A  Technoiogicai  Chaiienge  for  Long  Haui  Traffic 

J-L.  Galvani 

Aerospaliale,  Aircraft  Division 
316  route  de  Bayonne,  31060  Toulouse  Cedes  03,  France 


Abstract 


Long  haul 
constantly 
into  service 


traffic  is 
increasing, 
in  1976, 


a  key  sector  that  is 
Since  Concorde  entry 
it  has  tripled  and  will 


again  double  hy  the  end  of  the  century.  There  is 
no  doubt  that  this  long  haul  traffic  development 
will  create  an  increasing  interest  in  high  speed. 
The  entry  into  service  of  a  HSCT  will  enable 
flight  time  to  be  divided  at  least  by  2  on  these 
long  routes,  and  could  capture  20%  to  40%  of  the 
long  range  market. 

To  face  up  this  future  air  transport  landscape 
Aerospatiale,  who  jointly  with  British 
Aerospace  has  accumulated  an  unique  experience 
in  high  speed  transport  with  the  Concorde 
programme  ,  is  studying  a  potential  successor  ; 
the  Alliance  project  cruising  at  Mach  2. 


Due  to  the  significant  progress  in  technology 
already  achieved  or  foreseen  in  the  near  future, 
the  entry  into  service  of  a  second  generation 
supersonic  transport  can  be  envisaged  as  early 
as  2005.  The  success  of  this  project  is  strongly 
linked  to  the  capability  of  the  aircraft  and  the 
engine  manufacturers  to  provide  the  appropriate 
technology  level  to  make  the  airplane 
environmently  acceptable  and  economically 
attractive. 

A  significant  effort  in  R  &  D  is  necessary  to 
make  available  the  challenging  technologies  : 
new  materials,  aerodynamics,  propulsion... 


Considering  the  level  of  investment  required  and 
the  complexity  of  the  problems  to  be  solved,  a 
close  collaboration  involving  indutrial  partners 
is  necessa.y  on  a  world  wide  basis. 

This  collaboration  has  already  started. 
Following  a  long  experience  of  bilateral 
cooperation.  Aerospatiale  and  British  Aerospace 
joined  again  in  1990  to  study  together  a  second 
generation  supersonic  aircraft  around  their 
respective  concepts  (AST  and  Alliance).  Both 
partners  are  also  cooperating  with  DASA, 
Boeing,  Me  Donnell  Doi^las,  the  Japanese 
Industries,  Alenia  and  Tupolev  within  an 
International  Study  Group. 

List  of  symbols 

CD  drag  coefficient 

MTOW  maximum  take-off  weight 

Cs  Specific  fuel  consumption 


1.  Introduction 


Concorde,  en  service  r6gulier  depuis  plus  de 
quinze  ans  a  ddsormais  d6montr6  la  faisabilit6 
technique  du  transport  commercial  civil  et  ceci 
en  toute  s6curit6;  ouvrant  ainsi  la  voie  k  la 
prochaine  gdndration  d'avion  supersonique. 

Les  progrks  technologiques  importants 
rkalisable*  et  la  croissance  du  trafic  long 
courrier  au  ddbut  du  21kme  sikcle,  nous  laisse 
envisager  la  possibility  de  lancer  un  nouvel 
avion  supersonique  avec  une  entree  en  service  en 
2003. 


Toutefois.  un  effort  important  de  recherche  et  de 
dyveloppement  est  n^cessaire  afin  de  preparer 
les  technologies  appropriyes  pour  un  tel  projet. 


Dans  cette  confyrence,  les  perspectives  d'un 
transport  supersonique  de  seconde  gynyration 
sont  passyes  en  revue.  Cela  inclut  notamment  le 
marchy  potentiel,  les  principales  contraintes  de 
dyfinition  et  les  ytudes  en  cours  a  1' Aerospatiale. 
On  rappellera  les  efforts  de  coopyration  en  cours 
entre  les  principaux  constructeurs  aeronautiques 
mondiaux,  en  insistant  sur  la  nycessity  d'une 
cooperation  Internationale  pour  le  succes  d’un 
tel  projet. 

2.  L'acquis  Concorde 


Concorde  reste  le  seul  avion  commercial 
supersonique  en  service  aujourd’hui. 
Conjointement  con^us  et  produit  par  British 
Aerospace  et  Aerospatiale  pour  la  partie  cellule. 
Rolls  Royce  et  Sneema  pour  les  moleurs,  il  a 
dysormais  dymontry  la  faisability  technique  et  la 
capacity  opyrationnelle  du  vol  commercial 
supersonique. 


La  flotte  Concorde,  en  service  rygulicr  sut  15 
ans  a  accumuiy  plus  de  160000  heures  de  vol  en 
opyration  sur  plus  de  200  ayroports.  Ceci  d'une 
manikre  totalement  sure  et  compatible  avec  le 
trafic  subsonique  et  les  contraintes 
ayroportuaires  (Fig.l). 


En  plus  de  I'unique  expyrience  pratique  acquise 
par  les  deux  sociyty$,  Concorde  a  permis  de 
ryaliser  des  avancyes  technologiques 

importantes  dont  ont  pu  bynyficiy  les 
programmes  Airbus.  Ainsi  parmi  les  retombyes, 
on  peut  recenser  : 

.  les  commandes  de  vol  yiectriques, 

.  le  controle  du  centrage  par  transfert  dc 
carburant. 

.  les  lois  complexes  de  pilotage, 

.  les  freins  carbone. . . 

D'autres  produils  comme  les  avions  subsoniques, 
devraient  tirer  les  bynyfices  du  saut 
lechnolog ique  ryalisable  grace  au  dyveloppement 
d'un  nouvel  avion  supersonique. 
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3.  Lc  traflc  long-conrrler  ct  le  marchi  potentiel 

Ce  trafic  a  cru  plus  rapidement  que  rensembi'' 
trafic  adrien  au  cours  des  20  derniires  annde:>.  el 
tout  conduit  a  penser  que  le  besoin  en  {change 
internationaux  de  biens  et  de  person  les  ass  irera 
la  poursuiie  de  cette  ivolution  (Fig. 2' 


EVOLUTION  OF  LONG  RANUF  '  RAFnC 


AVAILABLE  SEAT-KM  (BILLIONS' 


_ _ _ _ fi  p  ure  2 

Les  provisions  rOalisOes  montrent  qu'avec  une 
croissance  de  5%  le  trafic  long  courrier  devrait 
etre  multiplier  par  2  entre  1990  et  2005  et  par 
5,5  entre  1990  et  2025,  pour  atteindre  environ 
400  millions  de  passagers  par  annee  (Fig. 3). 


La  croissance  dev. ait  etre  particulieremeni  forte 
pour  les  pays  asiatiques  i  fort  potentiel  de 
dOveloppement.  Oonl  une  consOquence  est  que 
pres  de  70%  des  volt  Ion g -co urriers  continueront 
a  etre  effectuOs  sur  des  trajets  essentiellement 


Sur  ces  routes,  I'avion  supersonique  offrira  une 
rOduction  massive  du  temps  de  vol  (50%)  si  Ton 
compare  aux  avions  subsoniques.  Ce  gain  en 
temps  n'Otant  que  faiblement  affectO  par  le 
nombre  de  M.>ch  de  •'ol  considOrO  (Fig.  5). 
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Pour  les  routes  dont  une  partie  s'effectue  au- 
dessus  des  terres,  on  considere  que  le  survol  de 
ces  zones  en  supersonique  restera  inte'dit. 
Malgre  tout,  sur  ces  routes  les  paliers 
subsoniques  ou  les  detours  supersoniques 
n^cessaires  en  operation  n‘ affecteront  que  peu  le 
gain  en  temps  de  vo]  comme  I'illustre  la  figure 
6. 


ALLIANCE  Vs  SUBSONIC  AIRCRAFT 
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La  part  du  marche  que  pourra  atteindre  cet  avion 
ddpend  du  niveau  iconomique  realisable  en 
operation  et  du  prix  du  billet.  De  nombreuses 
etudes  sont  en  cours  dans  le  monde  pout, 
comprendre  I'eiasticite  du  marche  en  fonction 
des  differentes  categories  de  passagers  et  de  la 
surcharge  larifaire  appliquee. 

En  considerant  les  caracteristiques  d'un  ivion  de 
250  -  300  passagers  volart  ^  Mach  2.  le  marche 
est  estime  entre  500  et  1000  avions  d'ici  2025 
(Fig.7i. 

En  complement  de  cette  rapide  analyse  du 
marche.  on  peut  envisages  un  effet  "stimulus"  du 
i  la  reduction  du  temps  de  vol  identique  k  c^lui 
observe  lors  la  mise  en  service  de  train  i  grande 
Vitesse.  Cet  ef'et  pourrait  accroitre  la  part  du 
marche  de  I'avion  supersonique. 
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Tout  en  recherchant  le  succes  commercial  pour  ce 
programme,  on  doit  porter  une  attention 
particuliere  aux  contraintes  liees  k 
I'environnement.  Ce  qui  signifie  le  respect  de 
toutes  les  rdglementations  en  vigueur  ou  a  venir 
concernant  le  bang  sonique,  les  Emissions 
moteur  et  le  bruit  autour  des  aeroports. 


En  projetant  les  progres  technologiques 
rdalisables  d'ici  la  fin  du  siicle,  il  semble 
possible  de  ddvelopper  un  avion  qui  n'aura  pas 
d'impact  significatif  sur  I'environnement. 

4,1  Le  bang  sonlrgK 


En  croisiire  supersonique,  un  avion  produit  une 
onde  de  choc  qui  peut  se  propager  au  sol,  et  crde 
une  surpression  qui  peut  sembler  forte  et  genante 
pour  I'oreille  humaine. 

L'exp^rience  Concorde  a  ddmontrd  que  les 
populations  n'acceptent  pas  cette  nuisance 
sonore,  et  de  fait  le  survol  supersonique  des 
terres  est  interdit  dans  la  plupart  des  pays. 

Le  fait  de  dessiner  un  avion  £conomiquement 
exploitable  pour  des  niveaux  de  bang  acceptable 
n'esi  pas  realisable  avec  les  standards 
technologiques  d'aujourd'hui.  On  considire  done 
pour  I'ensemble  des  dtudes  en  cours  aucun  survol 
supersonique  des  terres. 
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Les  emissions  motcir 


Les  quantites  de  gaz  emises  par  les  avions  sont 
faibles  par  rapport  aux  rejets  humains  ou 
naturels,  mais  elles  sont  localisdes  en  altitude  et 
concentrees  pris  des  zones  adroportuaires. 

Les  rdsultats  scientifiques  montre  que  les 
composes  d'oxydes  d'azote  (NO,  N02  aussi 
appeies  NOx)  joue  un  role  important  dans  la 
chimie  aimospherique.  Mais  rimpaci  des  NOx 
emis  par  une  flotte  d' avions  supersoniques  sur  la 
couche  d'ozone  est  incertain  et  est  le  sujet 
d'importantes  recherches  scientifiques  I  travers 
le  monde. 

Cependant,  il  sera  indispensable  d'obtenir  un 
consensus  international  sur  I'impact  d'une  flotte 
supersonique  avant  de  prendre  la  decision  de 
lancer  le  programme. 

L'evolution  technologique  des  moteurs  montreni 
que  I'on  peut  espdrer  une  reduction  importante  du 
niveaux  de  NOx  emis  par  les  moteurs.  qui  peut 
atteindre  70%. 

La  selection  de  I'installation  motrice  associe  k 
un  choix  approprie  de  I'rltitude  de  croisiire  (17  - 
19  km),  t  du  nombre  de  Mach,  montre  que  I'av  ion 
vole  a  des  niveaux  inferieurs  a  ceux  ou  Ton 
trouve  la  plus  forte  concentration  d'ozone  et 


pour  lesquels  les  temps  de  dispersion  sont 
relativement  longs  (Fig. 8). 
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4.3  Le  bnit avion / motetr 

Le  futur  avion  supersonique  devra  etre  un  bon 
voisin  autour  des  adroports. 

Si  Ton  regarde  la  ddcroissance  continuelle  avec 
le  temps  des  niveaux  de  bruit  avion,  un  saut 
technologique  important  est  i  realiser  pour 
dessiner  un  avion  qui  ne  fera  pas  plus  de  bruit 
que  les  subsoniques  de  la  meme  generation.  Il 
opdrera  i  partir  des  adroports  et  des  pistes 
existants  et  ne  devra  pas  exedder  les  niveaux  de 
bruit  rdglementaires  imposds  par  la  FAR  36 
Stage  3  (Fig. 9). 


ISIS  lire  lias  ilia  laaa  laai 
DECREASING  TREND  IN  AIRCRAFT  NOISE  LEVELS 
_ _ _ figure  9 


Aujourd'hui  de  fortes  pressions  existent  en 
Europe  pour  abaisser  encore  plus  ces  limites  dc 
bruit.  Dans  ce  cas,  des  marges  sont  k  prendre  en 
compte  pour  la  conception  de  I'avion  et  du  type 
de  moteur,  de  manidre  k  prdvenir  une  dventuelle 
modification  de  ces  rdglements. 

Des  technologies  moteur  tris  poussdes,  comme 
I'utilisation  de  nouveaux  concepts  (moteur  k 
cycle  variable)  et  des  dispositifs  d'djecteurs  sur 
les  tuyires  permettront  de  rdduire  la  contribution 
principale  du  bruit  moteur  qui  rdsulte  de  la 
Vitesse  d'djection  trds  dlevde  caraetdristiques  des 
moteurs  supersoniques. 

Cependant,  du  cotd  du  constructeur  les  actions 
entreprises  pour  amdliorer  I'efficacitd  de  la 
cellule  (adrodynamique.  masses)  ou  des 
modifications  des  procedures  opdrationelles  pour 
les  phases  de  vol  k  faible  vitesse,  montrent  de 
bons  espoirs  pour  contribuer  k  la  reduction 
globale  du  bruit  du  couple  avion  /  moteur. 


3-4 


5.  La  conngnration  Alliance 

Les  r^sultats  des  dtudes  de  marchd,  les  premiers 
contacts  avec  les  compagnies  adriennes  et  les 
diffdrentes  contraintes  nous  ont  conduit  i  retenir 
une  sdrie  d'hypothises  quant  k  la  definition  de  la 
configuration  de  base  :  Alliance. 

S  .  1  Les  objcctifs  if  Alliance 

Les  objectifs  d' Alliance  sont  rdsumds  sur  la 
figure  10. 

L‘ avion  est  prdvu  pour  transporter  250  passagers 
sur  une  distance  de  10000  km.  meme  si  la 
mission  comprend,  au  ddbut  et  i  la  fin, 
d'importants  segments  subsoniques. 

Ainsi,  le  rayon  d'action  spdcifique  unitaire 
(RASU)  visd  en  subsonique,  k  Mach  =  0,9S.  sera 
voisin  de  celui  obtenu  en  croisiere  supersonique. 
de  fa(on  que  cette  partie  du  vol  n'introduise  pas 
de  pdnalitd  sur  la  consommation  en  carburant. 

Notons  que  de  bonnes  performances  en 
subsonique  tendent  dgalement  k  rdduire  le  niveau 
de  bruit  de  I'avion  k  faible  vitesse  et  la  quantitd 
du  carburant  ndcessaire  pour  les  reserves. 

L'amdnagement  en  trois  classes  doit  offrir  un 
confort  pour  le  passager  Equivalent  aux  avions 
subsoniques  dont  les  durde  de  vol  sont  voisines. 
Les  raisons  du  choix  du  nombre  de  Mach  =  2. OS 
sont  les  suivantes  :  obtenir  une  productivitd  de 
I'avion  suffisante  sans  accroitre  de  maniere  trop 
significative  la  complexitd  technologique.  les 
couis  associds  k  un  nombre  de  Mach  plus  dlevd. 
et  I'impact  des  Emissions  sur  la  couche  d'ozone. 


Pour  ce  qui  concerne  le  rayon  d'action,  il  parait 
prudent  de  ne  pas  fixer  un  objectif  trop 
ambitieux  pour  I'entrde  en  service,  notamment 
pour  I'estimation  des  marges  ndcessaires  pour  la 
certification  des  niveaux  de  bruit.  Au  fur  et  k 
mesure  de  ddveloppements  techniques  ultdrieurs, 
ce  rayon  d'action  pourra  etre  augmenter 
progressivement  par  une  augmentation  de  la 
masse  maximale  au  ddcollage. 

5.2  Lea  canctdristlqun  lechpiqms  if  Alliance 


La  configuration  gdndrale  est  fortement 
influencde  par  une  exigence  de  finesse  dlevde 
dans  routes  les  phases  de  vol. 

D'un  cotd,  une  finesse  dlevde  est  ndcessaire  pour 
de  bonnes  performances  opdrationnelles  au 
ddcollage  et  k  I'atterrissage,  en  respectant  les 
limitations  imposdes  par  les  normes  de  bruit;  et 
une  utilisation  dconomique  lots  des  paliers 
subsoniques.  Ceci  pouvant  etre  obtenu  grace  k 
I'utilisation  de  dispositifs  de  bord  d'attaque. 

D'un  autre  cotd,  une  finesse  dlevde  en  croisifere 
est  un  parametre  fondamental  pour  les 
performances  globales  de  I'avion. 

Ces  diffdrentes  raisons  nous  ont  conduit  k 
choisir  une  grande  surface  voilure  et  une  grande 
envergure  (Fig.  1  2). 


Un  certain  nombre  d'amdliorations 
adrodynamiques  ont  dtd  apportdes  au  planeur 
(Fig. 13)  : 

-  un  affinement  de  la  pointe  avant  du  fuselage; 

-  un  changement  de  la  forme  en  plan  de 
I'extrdmitd  voilure; 


La  figure  11  montre  I'dvolution  de  la  ■  une  rdduction  du  mat tre  couple  du  fuselage; 
configuration  d'Alliance  depuis  le  ddbut  du 

projet  en  1983.  On  notera  auisi  I'amdlioration  .  une  optimisation  de  la  cambrure  et  du 

de  la  finesse  en  croisikre  qui  passe  de  8  k  10,3;  vrillage  afin  d'amdliorer  la  marge  statique. 
avec  notamment  la  modification  de  I'installation 
motrice  par  la  sdparation  des  fuscaux  moieur,  ce 
qui  rdduit  considdrablement  la  trainde. 
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Par  modification  de  I'amenagement  du  cockpit 
initial  (celui  de  Concorde),  grace  ^  t'experience 
acquise  sur  I'Airbus  A320,  il  est  possible 
d'affiner  la  forme  externe  de  la  partie  avant 
d' Alliance. 

La  disposition  des  instruments  et  I'acces  au 
poste  sont  am^lior^s  sur  Alliance,  bien  que  la 
largeur  du  cockpit  soit  r^duite  de  130  mm  et  le 
plafond  abaiss^  de  30  mm  (Fig.  14). 

La  repartition  des  aires  de  section  droites  est 
legbrement  meilleure,  qui  se  traduit  par  une 
diminution  de  la  trainee  d'onde.  mais  c'est 
surtout  la  discontinuite  qui  amine  un  gain,  plus 
important  que  prevu  de  100  ACx  =  0.0097. 
equivalent  sur  une  mission  de  10000  km  a  un 
gain  de  plus  de  300  kg  sur  la  masse  structurale  ou 
sur  la  charge  marchande. 

Une  attention  particuliere  devra  etre  porte  sur 
retat  de  surface  de  la  pointe  avant,  de  maniere  k 
reduire  au  minimum  possible  la  trainee  parasite 
associie  aux  imperfections  de  surface  (bande 
pare-foudre.  joints,  sondes  anemometriques  et 
gineratcurs  de  tourbillons). 


La  voilure  d'un  tel  avion  doit  etre  mince 
(epaisseur  relative  voisine  de  2%).  legere, 
resistante  aux  charges  statiques  et  dynamiques 
(rafales,  manoeuvres.  aeroeiasticite, 

Hottement. . . ).  La  souplesse  probable  de  la 
voilure  et  lea  deformations  en  vol  doivent  itre 
prises  en  compte  pour  permettre  d'sssurer  une 
forme  dont  la  trainee  sera  minimale  en  croisiire 
pour  un  centrage  correct  de  I'avion. 


La  forme  finale  integrera  par  contre  toutes  les 
contraintes  de  conception.  telles  que  les 
chargements  aerodynamiques,  la  repartition  des 
reservoirs  et  des  masses.  I'echauffement 
cinetique.  I'installation  des  systimes... 

De  bonnes  performances  et  qualites  de  vol  a 
travers  I'ensemble  du  domaine  de  vol  (normal  et 
peripherique)doivent  etre  obtenus,  notamment 
aux  grandes  incidences  k  faible  vitesse,  avec  les 
marges  ndcessaires  pour  le  contrdle  de  I'avion 
lors  des  passages  en  transsonique. 

Sur  Alliance,  la  forme  initiale  de  la  voilure 
ATSFl  resultant  d'une  importante  £tude  th^orique 
et  d'une  s^rie  de  correlations  thiorie  /  essais. 

Les  effets  favorables  d' augmentation 
d'envergure,  pr^dits  th£oriquement  et  mesures  en 
soufflerie  ont  conduit  k  la  forme  voilure  de 
I'ATSFS  (Fig. 13). 

Cependant,  et  bien  que  la  finesse  avion  dans 
toutes  les  phases  de  vol  aie  ete  ameiioree,  il  a 
6l6  decide  de  reduire  I'aHongemenc  de  la  voilure 
Alliance  par  une  diminution  d'envergure;  dans  le 
but  d'abaisser  le  poids  structural  de  la 
configuration  actuelle  -  ATSF4. 


Des  petits  gains  suppiementaires  ont  6ti  obtenus 
en  arrondissant  les  extremites  de  la  voilure,  et 
en  optimisant  la  cambrure  et  le  vrillage  pour  la 
croisiere. 

Alliance  possede  un  onglet  de  voilure 
relativement  ipais,  ce  qui  en  plus  de  donner  du 
volume  pour  les  reservoirs,  reduit  la  trainee 
d'onde  de  I'avion  et  permet  de  retractor  le  train 
principal  d'atterrissage  constitue  de  irois  parties 
vers  I'avant,  k  I'interieur  du  profil  et  du 
fuselage. 

On  evite  de  ce  fait  la  penalite  de  trainee  el  de 
masse  qu'entrainerai  la  presence  d'un  carenage  de 
train.  L'absence  de  carenage  ayant  un  autre 
avantage,  en  eiiminant  I'effet  de  masque  par 
rapport  k  I'echauffement  cinetique,  et  en 
reduisant  le  niveau  des  contraintes  thermiques 
dans  cette  zone. 

En  effet  I'allure  de  la  repartition  de  sections 
droites  contribue  k  minimiser  la  trainee  d'onde 
de  I'avion  (Fig.  1  6). 

La  loi  des  aires  optimale  pour  I'avion  est 
realisee  en  sculptant  I'epaisseur  voilure, 
permettant  ainsi  de  conserver  une  section 
courante  du  fuselage  constante. 

Une  integration  optimale  des  quatre  moteurs 
separes  et  de  leur  entrees  d'air  respectives 
devrait  contribuer  k  minimiser  la  trainee 
d'intiallation  et  reduire  la  trainee  totale  de 
I'avion. 
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contrdle  de  la  couche  limite,  mais  Tapplication 
possible  d'une  telle  technologie  k  I'avion 
supersonique  n'est  pas  envisagde  I  moyen  terme. 

5.2.2  et  Materials 

Le  prochain  avion  supersonique  sera  caractdrisd 
par  I'application  de  nouveaux  matdriaux  et 
concepts  structuraux,  car  toute  reduction  de 
masse  structurale  est  importante  pour 
I'amdlioration  des  performances  globales  de 
I'avion.  Ainsi  des  gains  de  I'ordre  de  20%  sont 
attendus  par  rapport  aux  technologies  actuelles. 
De  manikre  k  rdduire  les  masses,  les  alliages  de 
titane  sont  envisagdes  pour  le  caisson  central  de 
la  voilure,  ainsi  que  des  alliages  Idgers 
d'aluminium  (fuselage).  Par  contre,  la  proportion 
de  matdriaux  composites  utilisds  sera 
relativement  plus  importante  que  sur  les  avions 
actuals.  Ainsi  de  nombreuses  pikces  ou  ensemble 
structuraux  seront  rdalisds  entiirement  en 
composites  comma  le  raddme,  la  pointe  arridre 
du  fuselage, I'aile  externe,  la  ddrive,  les  surfaces 
mobiles,  les  trappes  de  train  ...  (Fig.  17) 

Mais  k  cause  des  tempdratures  dlevdes 
rencontrdes  en  vol,  supdrieure  k  100*  C  sur  la 
peau  de  I'avion.  et  de  la  durde  de  vie  envisagde 
pour  la  cellule;  une  dvaluation  prdliminaire  des 
caractdristiques  et  des  essais  de  qualification 
(vieillissement  thermique,  fluage...)  sur 
diffdrentes  families  de  composites  sont  en  cours. 


technologiques  disponibles  au  lancement  du 
programme  et  incorpords  sur  I'avion. 

Des  ddveloppements  spdcifiques  seront 
ndcessaires.  en  particulier  pour  le  systdme  de 
contrdle  des  entrdes  d'air,  pour  les  problkmes 
lids  aux  tempdratures  ambiantes  dlevdes  et  k 
cause  de  la  ndcessitd  de  diminuer  I'encombrement 
des  diffdrents  dldments  servocommandes, 
conditionnement  d'air,  systdmes  de  gdndration 
de  puissance  dlectrique  et  hydraulique. 

Le  carburant  utilisd  sera  le  meme  kdrosine  que 
pour  les  avions  subsoniques.  La  tempdrature  du 
carburant  s'dievant  au  contact  de  la  structure 
chaude  et  en  raison  des  durde  de  vol  dlevde  (S- 
6h),  il  faut  prdvoir  dds  le  ddbut  de  la  conception 
une  gestion  du  bilan  thermique  de  i'avion. 

Une  caractdristique  particulidre  de  cet  avion 
vi.:nt  du  fait  que  la  masse  importante  de 
carburant  stocicde  uins  la  voilure  sert  aussi  de 
puits  de  chaleur  efficace  pour  absorber 
I'dchauffement  cindtique  de  la  structure. 

La  tempdrature  maximale  du  carburant  admissible 
k  I'entrde  des  moteurs  en  fonctionnement  normal 
est  voisine  de  150*C.  Et  si  Ton  considire 
I'dvolution  en  cours  de  mission  de  la  tempdrature 
du  carburant  k  I'intdrieur  d'un  rdservoir  situd  piks 
du  bord  d'attaque  de  la  voilure,  une  comparaison 
avec  Concorde  montre  qu'k  condition  de  bien 
gdrer  I'utilisation  des  rdservoirs,  ce  point  est 
moins  critique  que  sur  Concorde  (Fig.  18). 


La  viabilitd  de  ce  programme  ddpend  fortement 
de  la  disponibilitd  en  temps  voulu  d'un  moteur 
dev  ant  rdpondre  k  plusieurs  critdres  : 

-  une  faible  consummation  spdcifique  en 
subsonique  et  supersonique  pour  des  raisons 
dconomiques  d'exploitation; 

des  niveaux  de  bruit  et  d'dmissions 
respectant  les  rdglementations  actuelles  ou  k 
venir; 

-  un  ddveloppement  en  temps  voulu  des 
technologies  ndcessaires  pour  ce  concept. 

Le  moteur  Turbojet  Olympus  de  Concorde,  bien 
que  donnant  des  performances  en  vol 
supersonique  excellentes,  a  une  consummation 
en  subsonique  et  des  vitesses  d'djection  bien 
trop  dlevdes  pour  une  exploitation  dconomique 
et  les  limitations  de  bruit  actuelles. 


Let  syttkmet  de  cet  avion  bdndficieront 
pieinement  de  I'dvolution  aciuelle  pour  les 
avions  subsoniques.  Les  commandes  de  vol  et  les 
systkmet  pour  le  cockpit  seront  issue 
directement  des  dernidres  avancdet 
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Pour  repondre  k  ces  objectifs,  le  concept  de 
moteur  ii  cycle  variable  est  apparu  chez  les 
motoristes,  qui  ont  suivi  deux  directions 
diffdrentes  (Fig.  19). 


Ainsi,  en  Europe,  pour  r^duire  le  bruit  SNECMA 
et  ROLLS  ROYCE  itudie  la  possibility  d'ajouter 
au  ddcollage  une  partie  importante  du  Hux 
secondaire  au  flux  primaire  d‘un  turbofan  i  faible 
taux  de  ''ilution.  Dans  ce  cas  les  vitesses 
d'yjection  sont  faibles. 

Aux  Etats-Unis,  PRATT  &  WHITNEY  propose  un 
monoHux  ayant  un  systime  de  by-pass  autour  des 
chambres  de  combustion  et  de  la  turbine,  et  un 
systfeme  d'^jecteur  en  aval  de  la  turbine  entraine 
un  dibit  important.  GENERAL  ELECTRIC 
propose  un  moteur  double  flux  i  cycle  variable, 
muni  d'un  systime  qui  inverse  les  icoulements 
chaud  et  froid  i  la  sortie. 

Pour  ces  deux  moteurs  sans  leur  dispositif 
d'ijection,  la  vitesse  maximale  d'ijection 
(difinie  par  le  rapport  poussie  /  dibit  moteur) 
est  deux  fois  plus  ilevie  que  celle  des  moteurs  k 
soufflante  secondaire. 

L'installation  sur  Alliance  de  ces  quatre  types  de 
moteurs  est  en  cours  d'itude. 


Dans  ce  domaine,  les  interactions  entre  le 
constructeur  et  le  motoriste  sont  cruciales,  de 
maniere  1  rialiser  l'installation  du  moteur  et  le 
dessin  de  I'entrie  d'air  permettant  un  bon 
fonctionnement  du  moteur  dans  I'ensemble  du 
domaine  de  vol  et  pour  diffirentes  conditions. 


L'installation  typique  d'un  moteur  double-flux 
requiert  de  nombreux  efforts  pour  obtenir  une 
faible  trainie  d'installation.  Le  moteur  externe 
est  giniralement  le  plus  difficile  i  installer  en 
raison  de  la  faible  ipaisseur  de  la  voilure  a  cet 
endroit.  et  du  fait  de  la  localisation  des 
accessoires  et  systimes  au-dessus  du  corps  du 
moteur  pour  iviter  toute  pinaliti  de  trainie  (Fig. 
20). 


5.2.5  Les  Performances  en  mission 

L'objectif  de  performances  gineral  est  de 
transporter  au  moins  deux  fois  plus  de  passagers 
que  Concorde  sur  une  distance  deux  fois  plus 
grande,  ce  qui  se  traduit  par  une  consommation 
par  passager  et  par  km  de  4Sg/passager/km  k 
comparer  avec  100  g/passager/km  pour 
Concorde. 

Les  couts  directs  d'exploitation  par  passager  et 
par  itape  sont  au  moms  SO  %  supirieur  k  ceux 
d'un  avion  subsonique.  On  peut  remarquer  que  la 
vitesse  est  un  facteur  favorable  sur  la  part 
relative  des  postes  de  maintenance,  iquipage 
(moins  d'heures  de  vol),  des  charges 
airoportuaires. 

Mais,  I'accroissement  important  du  poste 
carburant  pour  I'avion  supersonique,  montre  la 
trks  grande  sensibiliti  des  couts  directs 
d'exploitation  k  ce  paramktre  (Fig.  21). 


Ihissibilllis  poirramiliomtion  des  peifoimances  en  mission 

En  itudiant  quelques  caractiristiques  de  I'avion 
sur  la  mission  nominale,  on  obtient  les  taux 
d'ichanges  suivant  : 

-AMTOW  =  -l%  --->  ACarburant  bloc  =  -2% 


Le  principe  retenu  pour  le  dessin  de  I'entrie  d'air  .  i^Finesse  s  4-1%  --->  ACarburant  bloc  =  -1% 
est  d'utiliser  deux  entries  d'air  type  Concorde 

disposies  k  la  verticale  et  dos  k  dos.  Ce  qui  .  ^Cs  moteur  >  -1%  — >  ACarburant  bloc  >  -1% 
permet  de  riduire  la  longueur  de  I'ensemble 

propulsif  et  d'amiliorer  la  trainie  (voir  Fig.  IS).  ou  -  MTOW  :  Masse  maximale  au  dicollage 

-  Cs  moteur  »  Consommation  spicifique 
du  moteur  en  croisikre. 
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Ces  valeurs  montrent  clairement  que  si  des 
efforts  sont  mends  dans  diffdrents  domaines  tels 
que  les  masses,  Tadrodynamique.  la 
consommation  des  moceurs,  ils  auront  un  impact 
significaiif  sur  les  performances  et 
I'exploitation  dconomique  de  I'avion. 

d.  La  Coopdratlon  Internationale 

Le  succis  du  ddveloppement  d'un  programme 
d'avion  supersonique  sera  basd  sur  une  large 
coopdration  Internationale  pour  les  raisons 
suivantes  : 

-  les  coQts  de  ddveloppement  et  les  risques 
dlevds  par  rapport  aux  projets  subsoniques; 

-  la  ndcessitd  de  pdndtrer  le  marche  mondial  et 
de  collaborer  avec  les  autoritds  officielles  sur 
les  questions  de  rdglementations. 

Aerospatiale  consciente  de  cette  ndcessitd  est 
impliqude  suivant  deux  axes  de  coopdration 
privildgids. 

d .  1  La  Coopdration  avec  British  Aerospace 

Grace  k  la  longue  expdrience  de  coopdration 
bilatdrale  qui  a  ddbutd  dds  1962.  Aerospatiale  et 
British  Aerospace  se  sont  retrouvds  en  1990. 
pour  dtudier  ensemble  le  futur  avion  de  transport 
supersonique  ensemble.  En  se  basant  sur  des 
hypothises  de  ddfinition  identiques  les  deux 
socidtds  ont  ddveloppd  inddpendamment  deux 
configurations  diffdrentes  :  AST  pour  British 
Aerospace  (Fig.  22)  et  Alliance  pour 
Aerospatiale. 

L'activitd  technique  commune  vise 
principalement  h  identifier  pour  chaque 
configuration  les  points  techniques  critiques  et 
entreprendre  les  travail  et  les  dchanges 
ndcessaires  pour  converger  rapidement  vers  une 
configuration  unique. 


7.  Conclusion 

II  apparait  probable  k  la  lueur  de  cet  exposd  que 
dans  la  premiere  ddcennie  du  21dme  siecle.  le 
successeur  de  Concorde  sera  un  avion  de 
transport  supersonique  de  seconde  gdndration 
volant  ^  Mach  2. 

Le  respect  des  contraintes  et  rdglementations 
lides  k  I'environnement  sera  un  point  cld  pour  le 
succes  du  programme. 

Les  dtudes  sur  la  faisabilitd  technique  conduites 
jusqu'ici  sont  encourageantes.  et  les 
amdlioraiions  ndcessaires  sont  envisageables 
dans  les  quinze  anndes  it  venir,  notamment  au 
niveau  de  I'adrodynamique.  des  matdriaux,  des 
moteurs... 

En  raison  des  couts  et  des  risques  dlevds  de 
ddveloppement  technologiques  pour  assurer  une 
exploitation  dconomique  de  I'avion  et  rdussir  it 
pdndtrer  le  marche  au  niveau  mondial,  une 
cooperation  internationale  dtendue  sera 
indispensable. 
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THE  CASE  FOR  SURFACE  EFFECT  RESEARCH,  PLATFORM 
APPLICATIONS  &  TECHNOLOGY  DEVELOPMENT  OPPORTUNITIES 

J.  M.  L.  Reeves,  C.Eng.,  MRAeS 
Naval  Air  Warfare  Center,  (Aircraft  Division) 

Warminster,  Pennsylvania  18974-0591 
USA 


1.0  SUMMARY 

In  1962,  while  walking  to  the  Blackburn  Aircraft  Cafeteria  at 
Holme-on-Spalding  Moor,  one  sunny  evening,  the  author  became 
aware  of  the  grass  flattening  ahead  of  him.  Moments  later,  a  Blackburn 
Buccaneer  prototype  flew  overhead  at  over  500  knots.  This  was  the 
author's  first  exposure  to  high  speed  surface  ("ground”)  effect. 

This  paper  commences  by  defining  the  conventional  understanding  of 
Surface  Effect  phenomenon  and  compares  theories  which  show  small 
reductions  in  drag  occur  above  one  span  height  above  the  surface.  A 
discussion  on  reports  of  pilots  who  have  flown  their  aircraft  in  surface 
effect  ensues.  From  this,  a  broader  understanding  of  surface  effect  is 
developed  supported  by  low  speed  wind  turmel  tests  and  Russian 
pubii.shed  technical  documentation. 

The  author  divides  surface  effect  platforms  or,  perhaps,  better  described 
as  Enhanced  Performance  Low  Hying  Platforms  (EPLFP's)  into  three 
distinct  categories.  Potential  applications  of  surface  effect  platforms 
are  discussed  based  on  the  changing  world,  the  evolving  airline 
industry  and  airport  constraints.  Missions  and  specific  mission 
examples  are  given.  Reasons  for  the  pursuit  of  rather  large  platforms 
ar,, ,  ed  as  are  some  of  the  major  technical  hurdles  which  will  have 

to  be  overcome  for  them  to  succeed.  Technology  opportunities  are 
discussed.  A  summary  concludes  the  paper. 

2.0  SURFACE  EFFECT 

This  section  discusses  surface  effect  as  generally  understood,  pilot 
reports  of  flying  aircraft  in  surface  effect,  and  an  expanded 
urderstanding  of  surface  effect  based  on  both  flight  reports,  wind 
tunnel  results  and  Russian  documentation. 

2.1  Conventional  Understanding  of  Surface  Effect  Phenomenon 
When  an  aircraft  nears  a  surface,  a  change  occurs  in  the  three 
dimensional  flow  pattern  because  the  local  airflow  has  an  almost 
insignificant  vertical  component  at  the  surface.  Thus  the  surface 
becomes  a  msiriction  to  the  flow  and  alters  the  wing  upwash, 
downwash  and  wing  tip  vortices  reducing  the  induced  drag  and 
increasing  lift.  A  smaller  angle  of  attack  is  required  near  the  surface  to 
produce  a  given  amount  of  lift  versus  that  required  in  freestream 
conditions  at  altitude  or  roughly  one  span  height  above  the  surface.  For 
the  same  angle  of  attack  the  induced  drag  is  reduced,  reducing  the  thrust 
requited  for  a  given  lift  and  reducing  the  stall  margin.  When  an  aircraft 
gets  close  enough  to  a  surface,  the  flow  in  the  confined  region  beneath 
the  wing  and  wake  approach  two-dimensional  channel  flow  with 
known  boundaries  and  known  mass  addition,  coming  from  the  flow 
tangency  boundary  condition  on  the  lower  surface.  (The  lift  coefficient 
of  the  wing,  with  the  upper  surface  neglected,  is  only  a  function  of 
planform  and  shape  of  the  wing  lower  surface,  (Reference  1 1).  Ba.sed 
on  Reference  2,  the  equation  below  gives  the  lift  on  the  bottom  surface, 
assuming  two  dimensional  channel  flow,  as: 

1.0  (  (h(,.,  -dclla(«)  12.0) 

(  (  -  )  ) 

(  (  cos[alpha|  )  ) 

CLr=I  (1.0-  (  )  )d(x/l) 

(  (  h(tt)  -  Jclta(,)  -t  (c  -  X)  •  sin(alphal  1  ) 

(  ( -  )  ) 

0  (  (  cos(alpha)  )  ) 

where: 

X  s  distance  downstream  of  leading  edge 
c  =  wing  chord 
CXr  =  ram  lift  coefficient 

della  (te)  =  boundary  layer  thickness  @  trailing  edge 
delta  (x)  =  boundary  layer  thickness  @  “x” 

I  =  integral 

h  (te)  =  trailing  edge  height  above  the  surface 
alpha  =  angle  of  attack 


1  =  projected  chord  length  =  c  *  cos(  alpha] 

X  =  x/(cos|alpha]) 

This  equation  emphasizes,  through  the  growth  of  the  boundary  layer, 
the  importance  of  chord  in  generating  ram  lift  in  surface  effect.  When 
the  trailing  edge  is  at  an  infinitesimal  distance  from  the  surface,  the 
velocity  in  the  boundary  layer  must  be  equal  to  the  freestream  velocity. 
This  suggests  a  change  in  the  nature  of  the  boundary  layer.  This 
equation  also  suggests,  that,  should  the  flow  transition  from  laminar  to 
turbulent,  there  will  be  a  change  in  lift  because  of  the  difference  in  the 
thickness  growth  between  the  laminar  and  turbulent  boundary  layers. 

The  lift  coefficient  on  the  bottom  surface  should  approach  unity  and  ihe 
maximum  lift  coefficient  on  the  top  surface  could  approach  0  6. 

CLtotal  =  CLu  -r  CLr 

where: 

CLu  =  Lift  of  the  Upper  Surface 

This  suggests  a  maximum  lift  coefficient  of  about  1.6.  Whether  this  can 
be  increased  with  leading  edge  devices  and  trailing  edge  devices  with 
boundary  layer  control  (BLC)  is  uncertain. 

The  maximum  obtainable  lift  coefficient  is  clearly  a  major  issue. 
Current  commercial  airliners  are  able  lo  achieve  a  CLmax  of  about  2.4  - 
3.6  and  have  take-off  speeds  of  between  1 25  -  165  knots  depending  on 
the  type  and  weight  of  the  airliner  in  question.  The  take-off  of  speed  for 
a  .surface  effect  platform  having  maximum  lift  coefficient  of  1.6  with 
the  same  wing  loading  as  a  Boeing  747-400  without  a  thrust  augmented 
ram,  would  be  of  the  order  of  200  knots.  To  obtain  a  lake-off  speed  of 
the  same  order  as  current  commercial  transport  aircraft  requires  a  wing 
loading  of  less  than  li0lbs/ft**2.  The  reduction  of  take-off  and  landing 
speeds  of  platforms  in  surface  effect  represent  a  major  technical 
challenge  and  major  opportunity  for  a  research  effort. 

To  e.stimate  the  drag  associated  with  lift  in  surface  clfcct,  one  of  two 
theories  are  generally  u.scd  for  quick  approximations  along  with  an 
empirical  formula  developed  by  NASA  (National  Aeronautics  and 
Space  Administration)  The  latter  are  for  wings  without  cndplates. 
Figure  1  shows  a  compari.son  of  the  two  theories.  Wicscishergcr  and 
finite  clement  (Brock  and  Houghton)  in  terms  of  percentage  induced 
drag  reduction  as  a  function  of  height  to  span  ratio.  The  N.AS.A 
empirical  formula  (Reference  .1)  is  not  shown  since  it  is  only  valid 
between  h/b  =  0.033  to  h/b=  0  25.  Note  as  witlt  induced  drag  which  is 
primarily  a  function  of  span: 

CDi  =  K*CL*CL  =  K*rL*CL*S 


Pi*AR  Pi*b»b 

where: 

K  =  1/e  -  Oswald  Efficiency  Factor 
S  =  Wing  Area 
AR  =  Aspect  Ratio 
CL  =  Lift  Coefficient 
b  =  Span 
Pi  =  .3.14159 

the  reduction  in  induced  drag  in  .surface  effect  as  predicted  by  theory,  is 
a  function  of  span  and  height  of  the  trailing  edge  above  the  surface  only 
An  almost  imperceptible  induced  drag  reduction  occurs  at  5  span 
heights  above  the  ground.  As  a  span  height  above  the  ground  is 
reached,  the  reduction  in  induced  drag  is  2.4%  and  6.9%  for  the  finite 
element  theory  and  Wie.sclsberger  theory,  respectively.  This  could 
equate  10  a  1.2  to  3.5%  reduction  in  total  aircraft  drag.  At  a  trailing  edge 
height  to  span  ratio  of  0.025  there  is  a  significant  discrepancy  between 
both  theories  and  also  the  NASA  empirical  equation  for  reduction  in 
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drag  in  surface  effect.  The  use  of  endplates  can  either  increase  or 
decrease  the  induced  drag  reduction.  These  theories  underscore  the 
importance  of  keeping  the  wing  of  a  surface  effect  platform  as  close  to 
the  surface  as  possible.  They  also  show  that  the  real  benefit  of  surface 
effect  occurs  when  height  to  span  ratios  are  less  than  0.3.  This  has  been 
confirmed  by  numerous  wind  tunnel  tests  and  is  of  significance  for 
vvatcrbome  platforms  in  particular. 

Induced  Drag  Comparison 

Reduction  In  Surface  Effect 


Reduction  in  Induced  Drag  (%/l00) 

1  [ - - — ~i - r 


0.01  0.1  1  ^0 


Trailing  Edge  Height  to  Span  Ratio  (h/b) 

I .  Percentage  Reduction  in  Induced  Drag  as  a  Function  of  Height 
above  the  Ground. 

Assuming  an  amphibious  or  non-amphibious  waterborne  platform,  if 
we  use  the  Hovercraft/Hydrofoil  rule  of  thumb  that  the  maximum  sea 
state  is  governed  by  the  significant  wave  height  and  that  the  distance 
between  the  surface  and  the  hard  structure  is  equal  to  the  significant 
waveheiv:hi.  ,<0  have  the  limitations  show^n  in  Figure  2  as  a  function  of 
wind  speed.  For  laigc  platforms,  an  operating  sea  state  of  6  may  be 
required.  This  would  give  a  keel  to  hard  stnjcture  height  of  15ft.  For  a 
3.500,0001b  platform  a  wing  span  of  about  375  feet  might  be 
appropriate  which  gives  a  hailing  edge  height  to  span  ratio  of0.05  for  a 
clearance  of  3.75  ft.  A  land  based  surface  effect  platform  might  have  a 
height  to  span  ratio  of  about  0.0375.  This  would  give  a  reduction  in 
induced  drag  of  between  63%  to  70%  depending  on  the  theory  used. 
Thus,  if  a  reasonable  open  ocean  capability  is  to  be  obtained  for  a 
waterborne  platform,  flying  in  surface  effect,  the  platform  must  be 
necessarily  large. 

Sea  State,  Wind  Speeds  and  Wave  Heights 

Fully  Arisen  Sea 


Win^  Sp««d  (Knot*!  S19  Wavt  Malobt 

100 .  -  120 


Beaufort  Wind  Force 


Value*  for  Caniar  of  Baaufert  Rang* 

2.  Significant  Wave  Height  and  Wind  Speed  versus  Sea  Stale 
2.2  Pilot  Reports 

In  1989,  Stephan  F.  Hooker,  President  of  Aerocon  Inc.,  pre.scnlcd  a 
paper  (Reference  4)  in  which  he  reported  there  was  consistent  evidence 
of  surface  (’’ground”)  effect  above  one  wing  span  and  improved 
handling  qualities  for  aircraft  with  low  aspect  ratio  wings  including  the 
F- 104  Sta^ghterand  XB-70  Valkyrie.  Pilot  reports  of  aircraft  flying  in 
surface  effect  are  quite  numerous.  For  all  the  airoraft  shown.  Table  I . 
pilots  have  reported  an  improved  ride  quality  at  heights  at  or  below  500 
feet  above  the  surface  which  equate  to  more  than  five  (5)  span  heights 
above  the  ground.  Generally,  the  delta  winged  aircraft  were  singled  out 
as  having  the  greatest  improvement  in  ride  quality.  Six  aircraft  are  of 
note  in  low  level  flight  excursions. 


Flight  In  Surface  Effect 

Conventional  Aircralt 


Type 


Country  &  Service  Speed 


F-105D 

B-S8 

F-106A 

B-IB 

A-4 

A-3 

Vulcan  B.Mk.2 
Buccaneer  S.Mk.l  &  2 
Tbrnado 
Entendard  IVM 


U.S.  Air  Force 
U.S.  Air  Force 
U.S.  Air  Force 
U.S.  Air  Force 
U.S.  Navy 
U.S.  Navy 
U.K.  Air  Force 
U.K.  Novy/Alr  Force 
U.K.  Air  Force 
Argentine 


M*1.28 

M*1.05+ 

M-0.92 

M-0.95* 

M-0.7* 

M-0.7* 

M-0.5+ 

M-0.85+ 

M-0.85+ 

M-0.7+ 


Table  1 

I.  Flight  in  Surface  Effect,  Conventional  Aircraft 

2.21  Thunderchief,  F-IOSD 

The  Thunderchief  (Figure  3)  was  identified  as  having  flown 
supersonically  in  surface/ground  effect  on  video  on  the  Discovery 
Channel  in  Novemberof  1992.  A  follow-up  conversation  with  the  pilot 
confirmed  that  this  was  achieved  on  a  relatively  turbulent  day  with  the 
use  of  afterburner  from  a  dive  from  15,000ft.  A  speed  of  849  knots  IAS 
(Mach=  1 .285)  was  attained  over  the  range  at  Eglin  Air  Force  Base  in 
Florida.  The  pilot  claimed  that  he  flew  below  50ft  above  the  ground  at 
the  latter  speed  and  that  the  aircraft  was  rock  steady.  Apparently,  only 
two  feet  of  the  vertical  tail  was  visible,  the  rest  of  the  aircraft  was 
immeiscd  in  shock  waves.  The  maximum  level  flight  speed  of  the 
Thunderchief  is  8  lOkts  CAS  or  Mach=  1 .23  at  sea  level ,  The  pilot  stated 
that  flying  in  surface  effect  desensitized  the  aircraft  to  thermi  and  wind 
turbulence. 


3.  Republic  Thunderchief,  F-105D 


The  Thunderchief  has,  perhaps,  the  highest  allowable  indicated 
airspeed  at  sea  level  of  any  aircraft  that  has  reached  production.  This 
particular  aircraft  exceeded  the  speed  and  Mach  numberof  a  World  Air¬ 
speed  record  held  by  a  Navy  F-4A  Phantom,  of  Mach=  1 .2, 783.9kts  at 
328ft  above  the  ground.  According  to  the  pilot,  the  F-105  Thunderchief 
and  F-I04  Slarfightcr  gave  the  smoothest  rides  at  high  speeds. 

The  Thunderchief  was  powered  by  an  afterburning  and  water  injected 
Pratt  and  Whitney  J-75  engine.  As  with  all  turbojet  and  low  bypass 
ratio  lurbofans  Uic  thrust  initially  decreases  and  then  increases  through 
tlie  high  subsonic  and  supersonic  flight  regimes  at  sea  level.  Similarly 
specific  fuel  consumption  has  the  same  characteristic  and  with 
afterburner  engaged  will  be  in  excess  of  2.0  for  sea  level  static 
conditions  and  subsonic,  transonic  and  supersonic  flight  conditions.  A 
rough  estimate  of  thrust  at  the  849kts  is  between  30,000  and  34,000lbs 
and  drag  of  the  order  of  3S,000lbs  in  the  clean  configuration.  For  the 
flight  in  question  in  surface  effect,  no  friction  or  form  drag  reduction 
would  be  expected  because  the  wing  would  need  to  be  less  than  6ft  off 
the  ground.  Additional  analysis  would  be  necessary  to  fully  understarxl 
this  particular  event  but  it  docs  seem  there  was  a  possible  reduction  in 
drag. 
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The  Thunderchief  used  convencional  ailerons  for  low  speed  control  and 
five  sections  of  hydraulically  operated  spoilers  ahead  of  the  flaps  for 
roll  control  at  m^ium  and  high  speeds.  All  control  surfaces  were 
actuated  by  fully  powered  tandem  jacks.  It  had  an  all-moving  tailplane 
and  the  hydraulic  system  was  a  3,0001b^n^  in  system. 

2.22  General  Dynamics/Convair  Della  Dart,  F-106 
On  March  1,  I960,  a  Convair  Delta  Dart  (Figure  4)  flew  a  distance  of 
260  nautical  miles  at  an  average  speed  of  610  knots  (Mach=0.92)  at 
between  SOft  and  3(X)ft  above  the  Southern  California  desert  in 
turbulent  air.  Although  a  special  automatic  control  damper  system  to 
improve  ride  quality  was  fitted  specially  for  the  flight,  the  pilot  did  not 
find  a  need  to  use  it  It  also  carried  empty  external  fuel  tanks  to  increase 
its  drag. 


2.23  General  Dyp’tmics'Convair  Hustler,  B-58 
On  September  18,  1959,  a  General  Dynamics/Convair  B-58  Hustler 
(Figure  5)  flew  from  Carswell  Air  Force  Base.  Texas,  to  Edwards  Air 
Force  Base,  California,  a  distance  of  1 2 1 7  n.m.  in  prcci,sely  two  hours  at 
Mach  0.92  at  heights  below  500fl  and  as  low  as  200ft.  According  to 
Reference  5,  the  aircraft  exceeded  its  performance  predictions.  At  this 
speed  the  aircraft  could  not  be  heard  until  it  was  approximately  at  right 
angles  to  an  observer  and  at  two  miles  away  from  its  flight  path,  its 
sound  was  barely  disccmable.  The  aircraft  gave  a  smooth  ride  even  in 
turbulent  conditions.  The  pilot  claimed  that  the  flight  was  extremely 
comfortable  with  no  problems  regarding  turuiel  vision,  mental  or 
physical  stress.  The  return  trip  was  flown  at  37,0(X)rt  for  a  total  distance 
of  1052  n.m.  in  2  hours  and  3  minutes.  The  average  speed  was  610 
knots  on  the  outbound  leg  to  Edwards  Air  Force  Ba.se  and  SlOknolson 
the  return  to  Carswell  Air  Force  Base.  At  the  same  Mach  number,  the 
aircraft  flics  about  80  knots  faster  at  sea  icvcl. 


5.  General  Dynamics/Convair  Hustler.  B-58A 

The  B-58  was  powered  by  four  General  Electric  J79-GE-5B  turbojets 
delivering  a  total  of  62,(XX)lbs  of  thru.st  with  full  afterburner  for  all  four 
engines.  Thcaircraftwas96feetlong,31  feet  high  and  had  a  wing  span 
of  56  feet.  The  B-58  had  a  three  man  crew  and  had  a  maximum  take-off 
weight  of  I63,000lbs  and  a  maximum  flight  weight  of  I77.000lbs.  At 
.sea  Icvcl  the  aircraft  could  go  supersonic  at  maximum  cruise  thrust 
without  afterburner.  According  to  the  piloLs,  the  only  indication  that  the 


Hustler  was  flying  supersonic  at  sea  level  wa»  the  Mach  meter.  The 
aircraft  was  capable  of  Mach  1.05-f  at  full  military  power  without 
afterburner.  Its  structural  weight  was  a  record  low  of  14%  of  the  aircraft 
maximum  take-off  gross  weight.  This  achievement  was  made  possible 
by  the  extensive  use  of  honeycomb  sandwich  panels. 

2.24  B-IB 

The  smooth  ride  in  a  B- 1 B  at  400ft  above  the  ground  and  between  540 
to  580  knots  is  noted  in  Reference  6.  This  occurs  when  the  wings  ate  at 
maximum  sweep  where,  of  course,  the  lift  curve  slope  is  reduced, 
significantly.  However,  the  aircraft  has  an  extremely  high  wing  loading 
of  about  2451bs/ft**2  which  is  likely  to  have  mote  influence  than  the 
lift-curve  slope. 

2.25  Blackburn  Buccaneer  S.Mk.2 

The  Buccaneer  (Figure  6)  was  designed  as  a  true  low  level  strike 
aircraft.  Its  operational  requirement  was  influenced  by  the  WWII 
experience  of  DeHaviland  Mosquito  aircraft  which  flew  at  extremely 
low  levels  on  some  missions.  The  Buccaneer’s  good  ride  quality  at  580 
knots  at  100ft  above  the  sea  is  mentioned  in  Reference  7.  At  this 
altitude  pilots  also  execute  maximum  rate  turns,  so  precise  are  the 
flying  qualities  of  the  aircraft 


6.  Blackburn  Buccaneer,  S.Mk.2 


2.26  Avro  Vulcan  B.Mk.2 

The  Vulcan  (Figure  7)  was  designed  to  fly  at  high  altitude  at  high 
subsonic  speeds.  At  alliiudc,  it  could  cruise  at  up  to  Mach  0.94.  In 
order  to  achieve  this,  it  was  necessary  to  use  a  low  wing  loading  of 
56,5lbs/ft**2.  The  aspect  ratio  of  the  wing  was  3.1.  The  aircraft 
achieved  a  rather  remarkable  lift/drag  ratio  of  17.5  at  high  subsorric 
speed.  The  bomber  grossed  about  224,0001bs  and  had  a  rather  high 
empty  weight/maximum  take-off  weight  ratio  of  60%.  The  aircraft  set 
up  a  number  of  high  subsonic  speed  records.  Although  the  aircraft  was 
supposed  to  have  rather  poor  ride  quality  at  low  level,  when  it 
descended  to  extremely  low  level,  the  ride  quality  improved 
substantially.  Except  for  the  XB-70  Valkyrie  and  Concorde,  it  had  the 
longest  wing  mean  chord  of  any  aircraft  flying. 


7.  Avro  Vulcan,  B.Mk.2 
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2J7  Pilot  Report  Summary 

From  the  foregoing  it  has  emeiged  that  flying  closer  to  a  surface  appears 
to  improve  ride  quality  for  all  the  aircraft  mentioned.  Perhaps,  the  most 
surprising  improvement  was  that  of  the  Vulcan  bomber  which  seemed 
to  be  highly  regarded  in  this  respect  together  with  the  Buccaneer.  The 
Buccaneer  had  over  twice  the  wing  loading  of  the  Vulcan.  Simple 
theory,  which  can  orUy  be  used  as  a  rough  guide,  expresses  incremental 
normal  force  for  a  giik  to  be: 

Delta  N  =  Rho  •  Kat  ♦  Ug  *  Vinf  *  dCIVdAlpha 


2*W/S 

where: 

dCL/dAlpha  =  P1*AR/(1  +(((AR/2»cos(Lamda))**2)+l)**0.5) 
Rho  =  Density  of  Air  (slugs/ft**3) 

AR  =  Aspect  Ratio 

Ug  =  Vertical  Gust  Velocity  (ft/sec) 

Vinf  =  Hight  Velocity  (ft/sec) 

W/S  =  Wing  Loading  (ft/sec) 

Kat  =  Attenuation  Factor 
Lamda  =  Leading  Edge  Sweep  (degrees) 

This  leads  to  two  interesting  observations.  The  flrst  is  that  the  faster  the 
aircraft  is  flying,  the  greater  the  gust  load  factor  and,  therefore,  the 
rougher  the  ride.  The  second  is  that  the  higher  the  wing  loading  the 
smoother  the  ride.  However,  the  Vulcan  did  not  follow  this  trend. 

Although  aircraft  of  various  types  have  flown  at  extremely  low  level, 
there  is  no  data  on  these  particular  aircraft  that  confirms  the  ride  quality 
trend.  In  suriace  effect,  there  is  an  increase  in  lift  curve  slope  close  to  a 
surface,  the  theoretical  maximum  of  2Pi  radians  can  be  exceeded.  This 
should  suggest  that  the  ride  would  become  tougher  rather  than 
smoother  in  surface  effect 

Again  for  these  particular  aircraft,  there  is  little  data  to  support  the 
hypothesis  that  there  is  a  drag  reduction  at  subsonic,  transonic  and 
supersonic  speeds  when  flying  close  to  a  surface.  The  main  reason  for 
this  appears  to  be  that  either  the  pilots  are  too  busy  flying  the  aircraft  or 
that  it  had  not  occurred  to  the  pilots,  flight  test  engineers  and 
aerodynamicists  alike,  that  a  drag  reduction  occurs  which  could  be 
shown  through  observing  the  fuel  flow.  In  addition,  it  is  doubtful,  if  any 
wind  tunnel  data  exists  on  ai  rcraft  at  subsonic,  transonic  and  supersonic 
speeds  showing  changes  in  force  and  moment  characteristics  as  a 
furKtion  of  height  above  the  surface.  However,  as  discussed  later  in  this 
paper.  Russian  data  does  exist  which  shows  a  reduction  in  profile  drag 
and  that  drag  due  to  lift  reductions  do  occur  throughout  the  high 
subsonic  Mach  number  range. 

If  aircraft  can  fly  low  enough  at  transonic  speeds,  we  can  postulate  that  a 
drag  reduction  might  occur  on  the  basis  of  an  analogy  with  the 
supercritical  wing.  At  supercritical  Mach  numbers,  a  broad  region  of 
lo^ly  supersonic  flow  extends  vertically.  The  region  of  locally 
supersonic  flow  usually  terminates  in  a  shock  wave  which  results  in 
much  increased  drag,  liie  much  flatter  shape  of  the  upper  surface  of  the 
supercritical  section  causes  the  shock  wave  to  occur  further 
downstream  artd  therefore,  reduces  its  strength.  Thus  the  pressure  rise 
across  the  shock  wave  is  reduced  with  a  corresponding  reduction  in 
drag.  However,  the  reduced  camber/flattcr  profile  of  the  upper  surface 
results  in  a  reduced  lift  coeffleient  which  must  be  compensated  by 
increased  lift  from  the  region  of  the  airfoil  aft  of  the  shock  wave.  This 
requires  a  positive  camber  or  the  equivalent  of  positive  flap  deflection 
at  the  wing  trailing  edge.  In  surface  effect  we  can  obtain  additional  lift 
or  redistribute  the  contributions  to  total  lift  of  the  upper  and  lower 
surfaces  of  an  airfoil  by  flying  closer  to  a  surface.  As  we  fly  closer  to  a 
surface,  the  lift  distribution  on  the  airfoil  changes,  the  lower  surface 
providing  more  and  more  lift  as  height  above  the  ground  is  decreased. 
By  off-loading  the  wing  upper  surface,  the  local  velocities  on  the  upper 
surface  of  the  airfoil  are  decreased  and  the  drag  of  the  wing  is  decreased. 

Finally,  it  is  very  clear  that  no  special  control  system  is  needed  for  low 
level  flight,  and  that  there  appear  to  be  no  unusual  physical  and  mental 
problems  associated  with  low  level  flight. 

2J  Aircraft  Pcrfbrmance  Comparison  ai  Low  Levei 
Figures  8  and  9  show  the  calculated  IVD's  for  a  number  of  aircraft  at  a 
Mach  Number  of  0.8  and  1.2,  respectively,  based  on  drag  curvra 
presented  in  Reference  8.  These  curves  are  not  corrected  for  flying  in 
surface  effect.  The  purpose  of  them  is  to  show,  that,  ax  perhaps 
expected,  small  delta  wing  aircraft  are  trot  as  efficient  as  swept  or 


straight  wing  aircraft  at  normal  subsonic  speeds.  However,  at  very  high 
subsonic  M=0.92'f,  transonically  and  supersonically,  they  tend  to  be 
better  or  perhaps  as  competitive  and  significantly  more  maneuverable 
at  low  altitude.  The  French  ciaim  that  in  an  assessment  of 
maneuverability,  the  delta  winged  aircraft  proved  far  superior 
(Reference  9).  The  Thunderchief  F-105D  artd  Starfighter  F-104  were 
both  repotted  as  having  extremely  good  ride  quality  at  low  level.  Both 
had  hi^  wing  loadings  of  1401biTt*‘2  and  143  lb^**2,  respectively 
versus  the  68.1  lbs/ft**2  of  the  delta  winged  F-lOti.  Aspect  ratios 
ranged  from  a  low  of  2.31  fortheF-106  toahighof  3.17  fortheF-105. 
The  Valkyrie  with  a  wing  loading  of  8 1 .  /8  ibs/ft**2  artd  wing  aspect 
ratio  of  1 .75  had  poor  ride  quality  owing  to  its  overly  long  nose  ahead  of 
the  center  of  gravity.  The  nose  essentially  acted  as  a  pendulum  and 
control  of  the  aircraft  because  of  cockpit  movement  during  turbulent 
landing  conditions  was  said  to  be  mildly  challenging. 

Aircraft  Pervormance  M=0.8 

Estimated 


Aerodynamic  Efficiency  (L/D) 


F-104  F-14A  F-4J  F-105D  RA-5C  F-106  XB-70 

Aircraft  Type 

8.  Aircraft  Performance  M=0.8 


Aircraft  Performance  M=1.2 

Estimated 

Aerodynamic  Efficiency  (L/D) 
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F-104  F-14A  F-4J  F-105D  RA-5C  F-106  XB-70 

Aircraft  Type 

9.  Aircraft  Performance  M=I  .2 

To  obtain  a  low  landing  speed,  delta  winged  airplanes  require  a 
significant  wing  angle  of  attack  which  usually  makes  visibility  during 
rake-off  and  landing  unacceptable.  The  Concorde  and  Faitey  Delta  2 
solved  this  problem  by  using  a  drooping  nose.  Nevertheless,  the 
reduced  aerodynamic  center  travel,  in  and  out  of  ground  effect,  and 
enhanced  lift  characteristics  in  surface  effect  suggests  that  the  delta 
planform  may  be  attractive  for  surface  effect  application,  especially  as 
the  ram  lift  compensates  for  the  high  incidence  normally  requited  for 
take-off  and  landing. 

2.4  .Surface  Rfllrci.  4  Belter  I  Inderstanding. 

As  has  been  mentioned  above,  one  additional  benefit  of  surface  effca  is 
increased  ride  quality  which  occurs  at  subsonic,  transonic  and 
supersonic  speeds.  Flying  close  to  a  surface  clearly  must  have  other 
effects.  Because  there  is  a  pressure  increase  under  a  wing  flying  in 
surface  effect,  it  seems  clear  that  there  arc  effects  on  the  boundary  layer, 
ft  also  seems  possible  that  them  could  be  a  reduction  in  form  and 
perhaps  in  friction  drag  when  flying  close  to  the  ground.  Some  of  the 
aforesaid  is  supported  by  wind  tunnel  tests  conducted  on  a  ram  wing  in 
the  U  K.  in  the  mid  1960’s.  Although  the  tests  were  conducted  in  a  low 
speed  (ISOft/sec  speed)  4ft  by  4ft  tunnel  with  transition  fixed  on  the 
modet.  some  interesting  trends  have  emerged.  Figure  10  shows  the 
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pitching  moment,  lift  and  drag  coefficients  versus  height  for  a  wind 
tunnel  model  of  a  low  aspect  ratio  AR=0.5,  60ft  span,  EPLFP  in  its 
take-off  configuration.  Of  interest  is  the  pitching  moment  curve  which 
has  a  valley  in  it,  the  significant  inciea.se  in  lift  coefficient  once  an 
h/b=0.15  is  reached  and  the  essentially  constant  drag  coefficient  even 
when  the  lift  coefficient  is  increasing  substantially.  This  shows  that  the 
Bieguet  range  equation  is  not  appropriate  for  this  type  of  vehicle  if  we 
ate  cruising  at  CL’s  below  0.5. 

Type  250 

Force  &  Moment  Coefficient  versus  h/b 

Force  or  Moment  Coefficient 
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Trailing  Edge  Height/Span 
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10.  BL-250  CM,  CL  and  CD  versus  Height  above  the  Ground 

Figure  1 1  shows  the  actual  drag  coefficient  in  the  wind  tunnel  corrected 
to  full  scale  size  versus  predictions.  As  can  be  seen  theory  seems  to 
predict  the  drag  coefficient  reasonably  well  only  to  a  non-dimensional 
height  of  (hA))  =  0.1666  or  10ft  above  the  ground  for  this  60ft  span 
platform.  The  Wieselsberger  and  Brock  and  Hougmon  theories  and 
NASA  empirical  equation  results  are  shown.  It  is  extremely  difficult  to 
offer  an  explanation.  It  could  be  a  combination  of  form  drag  reduction, 
friction  drag  reduction  and  induced  drag  reduction.  Reference  10, 
identified  by  Hooker  in  Reference  4,  shows  that  there  is  a  reduction  in 
profile  drag  as  a  wing  approaches  the  surface.  This  panicular  wing  had 
a  fixed  angle  of  attack  of  4.9  degrees.  This  was  the  only  angle  of  attack 
analyzed.  Although  undersurface  laminar  flow  was  offered  as  a  partial 
explanation,  the  authors  were  unable  to  establish  how  this  mechanism 
works.  Oearty,  though,  both  friction  and  form  drag  reductions 
occurred.  The  profile  drag  reduction  is  plotted  in  Figure  12. 

Type  250 

CD  versus  Trailing  Edge  Height/Span 

Drag  Coefficient 
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1 1 .  Bl^250,  CD  vs  Height  above  the  Ground 

A  further  report  mentioned  by  Hooker  in  Reference  4  is  Reference  1 1. 
This  shows  that  there  is  a  reduction  in  drag  due  to  lift  as  the  surface  is 
approached  even  at  high  subsonic  Mach  numbers.  Wave  drag  due  to  lift 
appeared  to  be  absent  at  these  Mach  Numbers.  The  report  al.so  shows 
that  the  lift  coefficient  increases  with  Mach  Number  and  likewi.se  so 
does  the  pitching  moment  coefficient,  indicating  that  the  aertxlynamic 
center  moves  aft  as  Mach  is  increased  and  height  above  the  surface 
decreased.  Similar  trends,  but  not  quite  as  significant,  ate  shown  for  a 
wing  and  tail  in  Reference  12,  also  identified  by  Hooker  in  Reference  4. 
Here  the  effects  of  increased  Mach  and  decreased  height  above  the 
ground  ate  not  quite  as  significant.  Although,  the  lift  coefficient  is 


NASA 

Brock  •  Hou9N<oi> 
*  Wioaolatofoof 

WmO  Tunraal 


likely  to  be  low  at  high  subsonic  Mach  Numbers,  this  is  yet  another 
beneficial  effect  of  flying  close  to  a  surface  or  surfaces.  The  latter 
references  suggest  that  surface  effect,  that  is  the  height  at  which  it  is 
entered,  is  also  a  function  of  Mach  Number.  How  aircraft  shock  waves 
impinging  on  a  surface  affect  the  performance  and  control  of  an  aircraft 
is  unknown. 
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1 2.  Reduction  in  Profile  Drag  versus  Non-Dimensional  Height  above 
the  Ground 

Returning  to  the  delta  wing  theme.  Reference  1 3  suggests  that  the 
aerodynamic  efficiency  can  be  significantly  incmased  by  the  use  of 
vortex  flaps  and/or  vortex  plates.  This  allows  Oswald  efficiencies  of  up 
10  0.986  with  100%  leading  edge  suction  or  induced  drag  factors  down 
to  1.014  with  100%  leading  edge  suction  In  testing  slender  wings  in 
ground  effect.  Reference  14  states  that  ground  effect  increases  suction 
on  the  upper  surface  and  pressure  on  the  lower  surface.  This 
phenomena  is  unique  to  slender  wings.  In  two  dimensional  flow  on 
high  aspect  ratio  wings  for  example,  the  suction  is  reduced  owing  lo 
surlacc  effects  (Reference  15). 

In  summary,  we  can  belter  define  Surface  Effect  Surface  Effect  deals 
with  the  aerodynamic,  actoelastic  and  aeroacoustic  impacts  on 
platforms  flying  within  surface  effect  The  bouiidary  of  surface  effect  is 
a  function  of  height  above  the  surface.  This  height,  itself,  is  also  a 
funciion  of  Mach  number 

3.0  SURFACE  EFFECT  PLATFORMS 

Figure  13  defines  three  distinct  categories  of  Enhanced  Performance 
Low  Rying  Platforms. 


EPLFP  s 


Ram  Ram 


Pow*r  Power 

Augmented  Rem  Augmented  Ram 


Thruet  Thfuat 

Augmented  Ram  Augmented  Ram 

EPLFP  •  Enhanced  Performance  Low  Flying  Platform 


1 3.  EPLFP  Family  Bcnefitting  From  Surface  Effect 

Those  land-based  aircraft  which  have  flown  or  do  fly  in  surface  effect 
rely  upon  relatively  old  technologies.  With  today’s  advances  in 
computer  electronics  and  sensor  technology,  flight  of  future  aircraft 
close  to  the  surface  should  pose  few  risks.  Perhaps,  flight  at  extremely 
low  altitudes,  where  practical,  should  be  encouraged  because  of  the 
more  comfortable  ride,  the  less  likelihood  of  being  detected  (flight 
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below  the  optical  horizon)  and  the  lower  acoustical  signature  and 
reduced  fuel  flows  and  therefore  increased  range  and  endurance.  To  be 
balanced  against  such  a  recommendation  is  the  possible  increase  in 
crew  work  load,  more  likelihood  of  propulsion  and  airframe  co.rosion 
and  perhaps  decreased  airframe  fatigue  life. 

Ground  Effect  Vehicles  ate  the  total  breadth  of  Russian  efforts  which 
ate  broadly  categorized  into  amphibious  and  non-amphibious 
Ekranoplans  and  Dynamic  Hovercraft.  Although  a  number  of  articles 
have  been  published  in  the  Western  press,  little  is  known  of  the  Russian 
efforts.  The  press  articles  appear  to  be  contradictory.  However,  various 
pictures  and  references  to  Russian  Wing-in-Ground  Effect  platform 
development  have  appeared  on  Russian  television  trews  which  is 
broadcast  regularly  on  the  cable  networks  around  the  U.S.A.  Given  the 
better  understanding  of  Surface  Effect,  it  is  not  surprising  that 
development  efforts  ate  still  underway  even  unde*  the  current  Russian 
fiscal  climate. 

Hybrid  aircraft  ate  what  could  be  classed  as  seaplane  derivatives.  The 
basic  premise  is  that  this  is  a  platform  with  the  capability  to  operate  in 
surface  "•^ect  and  at  high  altitude  wh-?"  tr"!  nec 4  arises.  This  type  of 
platform  would  have  the  capability  of  essenbally  being  a  ship  or  an 
aircraft.  Because  of  the  employment  of  surface  effect  techrxrlogy  it 
would  be  able  to  cruise  efficiently  at  close  to  take-off  speed,  at  a  speed 
for  best  range  of  between  350-450  ktvols  and  to  ‘‘dash"  cruise  at  speeds 
above  Mach=0.85.  In  addition,  it  would  be  able  to  fly  at  high  altitude, 
perhaps  up  to  55,000ft  at  Mach  numbers  between  0.8  -  0.94-f. 

3.1  Potential  Surface  Effect  Platform  Applications 
The  following  paragraphs  discuss  emerging  constraints  that  may 
inhibit  the  use  of  large  land  planes.  These  constraints  may  be  overcome 
by  thedevelopmentof platforms  whichoperate  from  the  sea.  Although 
conventional  land-based  military  aircraft  clearly  do  operate  in  surface 
effect  and  can  be  designed  to  operate  irt  surface  effect,  the  major 
emphasis  of  the  discussion  is  on  the  seaplane  derivatives,  platforms  that 
operate  from  the  sea. 


3.11  The  Changing  World 

As  we  look  towards  the  future,  we  see  an  evolving  new  world  which 
will  undoubtedly  result  in  territorial  squabbles,  disputes  over  raw 
materials  and  energy,  and  continued  religious  strife.  Decreased  defense 
budgets  resulting  from  the  political  environment  and  economic 
environment,  inevitably  means  fewer  aircraft,  ships,  soldiers,  less 
equipment,  fewer  foreign  battes  and  a  lack,  perhaps,  ofoverflight  rights. 
This  suggests  less  flexibility  to  engage  in  small  conflicts  and  suggests 
the  need  for  cither  presence  and/'.r  the  ability  to  achieve  a  quick 
presence  with  adequate  fire  power  from  the  sea  to  avoid  bureaucratic 
delays  associated  with  obtaining  overflight  and  landing  rights. 
Throughout  the  world  there  are  only  a  limited  number  of  airfields  from 
which  heavily  laden  bombers  and  transports  can  operate.  Likewise,  for 
ships  there  arc  a  limited  number  of  ports  from  which  container  and  other 
large  ships  can  operate.  The  accompanying  chart,  Chan  1 .  summarizes 
the  world  scene,  emeiging  airline  and  airpon  trends,  and  ship  pon 
rcquircmcnts/constraints. 

3.12  Evolution  in  the  Airline  Industry 

In  tcmis  of  the  airlines,  there  will  likely  be  fewer  carriers  most  of  which 
may  be  multi-national.  Communications  and  computer  technology 
may  decrca.se  business  travel  significantly.  Some  airlines  may  only 
market,  process  people  and  freight  and  provide  ground  support 
equipment  operators  and  maintenance.  These  carriers  may  wet  lease 
aircraft  which  may  enable  leasing  companies  to  buy  more  and  larger 
aircraft  of  a  single  configuration  thus  reducing  training  demands  and 
ultimately  lowering  life  cycle  costs.  Quick  redistribution  of  assets  will 
assist  in  maximizing  utilization.  Thus,  these  companies  may  be  able  to 
match  capacity  to  the  market  more  easily.  Finally,  the  scenario  outlined 
will  pose  a  major  challenge  to  long  term  Miiiiaiy  Airlift  and  how  CRAF 
can  be  maintained  in  the  future, 

3.13  More  Constraints  on  Airports 

In  the  past,  platform  design  has  driven  the  design  of  terminal  facilities. 
But,  today,  the  issues  of  noise,  cmissioas,  land  and  channel 


World  Scene  JHE  CHANGING  WORLD 


Changirtg  World  Order: 

-  Major  Ecortomic  Powera 
—  Communitlea 
"  laolated  Nations 
*  Regional  Economic  Powers 


The  Airlines 


•  Fewer  major  carriers  -  moat  multi-national 

•  Communications  and  computer  technology  may  reduce 
business  travel,  significantly 


•  Reasorrs  lor  Conflict: 

-  Territory 

-  Politics 

-  Resources 

"  Raw  Materials 
—  Materiel 
"  Energy 

-  Religion 

•  Overflying  Rights 

•  Shorter  Conflicts 


•  Travel  demands  tied  to  economic  cycles 

•  Airlines  may  only  market,  process  people  and  freight, 
and  provide  ground  support  equipment  operators  and 
maintenance. 

•  International  leasing  companies  provide  wet  leased 
aircraft. 

-  Larger  aircraft  buys  to  a  single  configuration 

-  Lower  life  cycle  costs 

-  Less  training 

-  Quick  redistribution  of  assets  to  maximize  utilization 

-  Optimal  capacity/market  matching 


•  Quick  Response  to  Threats 


Airport  Restrictions 

•  stronger  runways  for  hub  operations  (ULCA) 

•  Limited  ramp  and  laxlway  space  for  larger  aircraft 

•  Airport  accees  (road  A  rail) 

«  Major  Issue  of  environmental  Impacts: 

-  Noise 

-  Emissions 

-  Land  Reclamation 

-  Local  Ecology 

•  Local  opposition  to  airport  Improvements: 

-  Dallas/Fort  Worth  Major  Legal  Battle  to  Add  2 
More  Main  Runways  -  3  Years  So  Farl 

Cost  of  Improvement  •  $3,600  Million 


Ship  Port  Requirements/Constraints 

•  American  President  Lines  Panamax  container  ships  require 
crane  booms  with  140ft  reach.  Few  porta  have  capability. 

•  Ports  have  had  to  be  rebuilt  and/or  relocated: 

-  New  York’s  container  handling  terminals  now  In  New  Jersey 

-  London  Port  Authority  cargo  handled  at  Felixstows 
60  miles  from  London 

•  No  standardization  of  facllltiea; 

-  Keel  clearance  In  ports 

-  Deck  boom  clearances 

•  Ten  Identical  vessels  are  rare 

•  Large  container  ships  require  AO^foot  deep  channels 

•  Environmental  concerns: 

-  Dredging 

-  Exhaust  emissions 


ULCA  •  Ultra  Large  Capacity  Aircraft 
The  Changing  World 


Chart  1 
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reclamation,  and  local  ecology  will  restrict  expansion  and  development 
of  existing  and  future  airports.  Likewise,  more  constraints  are  likely  to 
be  imposed  on  military  facilities. 

Airport  access  may  be  restricted  and  there  will  likely  limited  ramp  and 
taxiway  space  for  large  aircraft.  This  may  force  the  Ultra  High  Capacity 
Aircraft  of  the  future  to  be  less  efficient  than  current  aircraft  and  may 
further  add  pressure  to  develop  a  High  Speed  Commercial  Transport. 
For  the  heavier  weight  transports,  fewer  runways  and  less  flexibility  of 
dispersal  will  likely  be  the  case.  Events  here  and  abroad  show  that 
political  battles  will  stall  improvements  to  existing  facilities  and 
perhaps  prevent  construction  of  new  ones.  For  example,  at  Dallas/Fort 
Worth  a  major  legal  battle  has  raged  foi  three  years  to  prevent  the 
addition  of  two  more  main  runways  which  when  completed  will  cost  a 
minimum  of  $3,500  Million. 

3.14  From  The  Sea 

Given  the  constraints  mentioned  in  the  paragraphs  above,  it  seems 
inevitable  that  airborne  power  must  come  FROM  THE  SEA  in  the 
future.  Today  we  look  upon  wars  as  being  short  and  the  time  required  to 
respond  to  threats  as  being  equally  short.  This  suggests  that  we  need  a 
means  to  be  able  to  move  large  forces  and  their  equipment  around  the 
world  in  a  matter  of  days  rather  than  weeks.  In  addition,  it  suggests  that 
we  should  be  able  to  position  an  overwhelming  response  on  a 
threatmongers  doorstep  within  hours  and  yet  not  be  constrained  by 
diplomatic  bureaucracy  for  the  use  of  foreign  airspace  for  overflights 
and  intermediate  airfields  for  supporting  tankers.  The  platform  that 
would  have  the  capability  to  station,  perhaps,  500,000Ibs  of  offensive 
payload  off  the  shore  of  the  coast  of  a  threatmonger,  would  be  a  seaplane 
derivative.  If  Russian  claims  are  correct  about  the  reduction  of  profile 
drag  in  surface  effect,  and  if  this  can  be  successfully  integrated  with  the 
well  known  reduction  in  induced  drag,  a  new  extremely  efficient 
platform  could  be  developed  which  would  have  both  future  military  and 
commercial  value.  A  range  of  10.000  nautical  miles  at  350  knots  in 
surface  effect  may  be  a  suitable  goal. 


altitude  for  cruise.  However,  at  these  altitudes,  wind  velocities  tend  to 
be  less  than  at  normal  commercial  aircraft  altitudes  (Figure  15),  which 
can,  on  occasion,  compensate  for  the  more  severe  headwinds  at  lower 
altitudes.  The  figure  shows  the  wind  strength  which  will  not  be 
exceeded  for  1 .0%  of  the  winter  when  they  are  the  highest.  The  average 
wind  strengths  are  of  course  much  lower  and  the  strengths  are  a  function 
of  the  time  of  the  year  as  well  as  location.  For  example.  Reference  17, 
discusses  wind  strengths  at  various  locations  throughout  the  world.  For 
New  York,  the  average  wind  strength  at  35,000ft  is  about  80  knots  in 
winter  reducing  to  about  35  knots  in  summer.  In  Tokyo,  the  average 
wind  strength  is  130  knots  in  winter  versus  about  35  knots  in  summer. 
Sea  Level  winds  are  about  20  knots  in  winter  versus  about  5  knots  in 
summer  for  both  locations. 

Synthetic  Wind  Speed  Profile 

Exceeded  1%  of  Winter 
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15.  Synthetic  Wind  Speed  Profile 


Figure  14  is  a  performance  compari.son  (developed  by  McDonnell 
Douglas  for  Cathay  Pacific  Airlines)  for  two  existing  airliners  and  one 
projected  airliner  from  Reference  16.  As  can  be  seen,  for  a  range  of 
about  8,000  nautical  miles,  a  payload-to-weight  ratio  of  less  than  10% 
is  to  be  expected.  It  is  unlikely  that  much  greater  performance 
efficiencies  can  be  achieved  without  significant  technology 
breakthroughs. 

PERFORMANCE  COMPARISON 

MD-12,  B747-400,  A340-200 


I  Ranoa  MTOW  (Iba  ) 


Payiosic  fiba  J 


Cruise  in  surface  effect  offers  one  further  advantage  over  high  altitude 
flight.  For  a  given  design  Mach  number  at  altitude,  for  the  same  speed 
at  sea  level  the  Mach  Number  is  lower  (Figure  1 6).  This  can  result  in  the 
aircraft  flying,  perhaps,  out  of  its  drag  rise  region.  At  low  CL's,  typical 
of  sea  level  flight,  the  drag  rise  lends  to  be  less  than  at  high  altitude 

Speed  versus  Mach  Number 

ISA  *0 

Speed  (Knots) 
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_  ,  *  Sac  Lawel  36  090  faef  , 


760  I 
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05  06  07  08  09  1  12  13  14 

Mach  Number 


Par  Paaaanoar  including  Baggaga 

14.  Performance  Comparison,  MD-12,  B747-4IX).  A.340-200 

3.15  The  Seaplane  Derivative 

ITD's  of  between  35  and  45  will  be  required  of  seaplane  derivatives  at  a 
speed  of  350  knots  in  order  to  attain  a  range  of  1 0,000  nautical  miles.  At 
500  knots,  which  would  be  more  than  competitive  with  the  new 
generation  of  subsonic  jets,  an  L/D  of  about  25  would  be  required.  To 
attain  these  levels  of  aerodynamic  efficiency,  laminar  (low,  cither 
natural  laminar  (low  or  augmented  laminar  (low  control,  will  be 
required.  Because  the  wetted  area  drag  is  a  higher  percentage  for  the 
large  seaplane  derivative,  than  with  an  aircraft  flying  at  altitude,  the 
potential  benefits  are  greater.  The  use  of  laminar  flow  control  and  other 
drag  reducing  techniques  should  enable  the  wing  loading  to  range 
between  50  to  751bs/ft“2  thus  maintaining  acceptable  take-off  and 
landing  speeds.  Even  with  an  aspect  i  alio  of  2.5  wing,  cruise  altitudes 
of  the  order  of  50,000  to  55,000ft  with  speeds  approaching  Mach  0.9 
should  be  possible,  although  this  might  not  be  the  most  efficient 


16.  Speed  Versus  Mach  Number 

To  achieve  the  performance  slated  in  the  previous  paragraphs,  there  arc 
.some  significant  issues  for  the  larger  type  seaplane  derivative.  They 
arc: 

o  What  is  the  maximum  achievable  L/D  in  surface  effect 
at  the  speeds  discussed?  Can  an  L/D  in  surface  effect 
be  twice  that  of  the  LTD  out  of  surface  effect?  If  not. 
surface  effect  platforms,  if  they  have  a  future,  would  be 
slow  spedd  platforms  (Figure  17). 

o  Arc  the  achievable  L/D’s  sufficient  to  present  an  ovci^ 
platfomt  gain  in  range  and  endurance  in  spile  of  possible 
higher  stnictural  weight  fractions  for  the  sea  level 
operation  and  higher  engine  specific  fuel  roresumption 
than  at  high  altitude? 

o  Arc  corrosion  and  stiuclural  fatigue  problems  so  severe  as 
to  drive  up  the  structural  weight  fraction  to  an  unacceptable 
level? 


observe  lors  la  mise  en  service  ae  iriin  a  granoe 
Vitesse.  Cel  cf^ci  pourraii  accroiire  la  pan  du 
marche  de  1‘avion  supersonique. 


0  Arc  the  operations  and  support  costs  unacceptable  because 
of  the  primary  mode  of  operation  will  be  at  sea  level? 
o  The  role  of  the  platform,  that  is  whether  it  should  be 
basically  a  sea  siller  and  occasional  flyer  or  vice-a-versa 
and  whether  it  should  operate  only  from  sheltered  waters, 
will  also  have  a  major  impact  on  the  structural  weight  of 
the  platform. 

o  What  is  the  minimum  size  of  platform  which  is  more 
cost  effective  than  cither  land  based  asset  and/or  seaplane 
asset? 

Relative  Aerodynamic  Efficiency 

Type  2000,  Wing  Loading  70lbs/ft**2 

L/D(lSE)/L/D(OSE) 


All  R«4uci 

lnd\.ea4  Drag  R«dii< 


Mach  Number 


17  Relative  Aerodynamic  Efftcicncy 

Given  that  the  above  issues  can  be  resolved  atiu/or  there  is  significant 
military  value  for  platforms  designed  to  fly  in  surface  effect  because 
they  posse.s.s  unique  capabilities,  a  matrix  of  mission  af^licaiions  for 
various  types  of  platforms  can  be  postulated. 

3.16  f.iission  Matrix 

Tabic  2  shows  a  mission  matrix  along  with  plaifomts  which  could  be 
designed  to  operate  in  surface  effect.  Conventional  aircraft  would 
retain  their  high  altitude  capability.  How.  ‘cr.  they  would  have  an 
added  extremely  low  level  flight  capability.  They  could  be  designed  lor 
low  flight  over  ar^ropriaic  terrain  and  expanses  of  water,  perhaps  down 
to  one  span  height  or  less  for  improved  ride  quality,  flight  below  the 
optical  horizon,  and  increased  range.  Thir  might  suggest  aircraft 
designs  wiifi  mid  to  low  wing  fuselage  locations.  Sukhoi  has  proposed 
a  next  generation  multi-role  fighter,  designated  SU-.37  which  would 
have  an  estimated  top  speed  of  8 1 3  knots  and  “good  maneuverability 
near  the  grou-  ’  and  low  rada'  visibility"  The  aireraft  is  designed  to 
operate  from  unpaved  runways  and  the  wing  and  cross  section  arc 
optimized  for  low  level  flight  (Reference  18), 

Mmi<m  Are*  l.<*w  llying  Sc*pl*iii  Scaplme  V/STOI. 

r.vivemKnal  DenvMjve  t>nv*iive  T.AR 

Aifcr*fi  (Amphihuw*)  (Non 


AmphiSi.Kif  Wtrfire 

Anti  Surface  Ship  Warfare 

Af>ti  Submarine  Warfare 

f'ommarid,  f'.ennil  A  Ownmuniiaiueti 

KletirTieiK  Warfare 

Spetial  Warfare 

Ixigitiiii 

Mine  Warfare 

Stnkc  Warfare 

Anti  Air  Warfare 


Hecianmenaed  for  MiitKin  Area 


2.  Mission  Possibilities  for  lx)w  Flvinf*  ’  laiforms 

TV  amphibious  seaplane  derivative  would  be  turboprop  powered  and 
would  use  either  a  thrust  augmented  ram  or  power  augmented  ram  to 
give  It  the  amphibious  capability.  Because  of  the  structural  and  drag 
pcnaliic.s  a.ssoc*dicd  with  this  type  of  platform  it  would  generally  be 
percei"'’.)  as  a  short  to  medium  range  platform. 


3.17  Seaplane  Derivative  Mission  Examples 
The  large  seaplane  derivative  as  me'-.iioncd  earlier  would  be  the  long 
range  platform.  It  could  carry  up  to  2,000  troops  i.OUO  troops  and 
some  of  their  equipment  ove*’  ’0,000  nautical  miles  in  surface  effect 
without  refuelling.  ii  refi  cHcd.  it  would  be  able  to  carry  substantially 
larger  payloads,  of  t» "  'rder  >t  l,5.X).OOOIbs  over  3,000+  nautical 
miles,  ■  ■.  'c  3  siiows  a  list  puiwuiial  payloads  from  which  the 
payload  complement  of  the  platform  can  be  made  up  to  equal  the 
platforms  payload  and  volume  capacity  for  a  specific  set  of  ■  fissions. 
For  example,  for  this  size  of  platform,  it  would  be  possible  for  it  to 
from  Camp  Pend’eion.  California,  at  say  35.000fi  to  New  Voric.  refuel 
at  New  Yorlc  and  transit  in  surface  efTeci,  round  Cape  Horn  and  refuel 
from  a  submarine  off  the  Fast  Coast  of  Africa  before  proceeding  in 
surface  effect  to  the  Middl'"  C'*st  (Figure  1 8).  In  the  Middle  East  it  uses 
RPV’s  to  acquire  mis^fie  sV.j  targets  and  their  radars,  fires  crui-'e 
missiles  to  eliminate  the  offending  sites.  use.s  KPV’s  le  cone  ct  battle 
damage  assessment,  disembarks  500  troops  and  equipment  to  acmolish 
the  remaining  missile  site  infrastructure,  recover  the  troops  and  returns 
by  the  sea  to  New  York  all  in  the  space  of  about  100  hours. 
Alternative*  >»  could  accompany  a  carrier  battle  group,  assist  in 
suppressing  ;lack  from  a  small  fleet  of  warships  and  then  conduct  a 
mining  missiuo  several  thousands  miles  from  the  carrier  and  return  to 
accompany  the  carrier  within  24  hours,  Ii  would  then  ferry  1/3  of  the 
carriers  crew  back  to  the  U.S.  to  execute  a  crew  change  wuilc 
replacement  crew  is  already  boarding  the  carrier  from  another  seaplane 
derivative. 

Rapid  Repositioning/Deplo/ment 
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EPLFP  Potential  Payloads 


Destructive 

Non-Destructive 

other 

Missiles. 

Sensors; 

V/STOL 

-  ALCM's 

-  Radar's 

Hovercralt 

-  SLCM  8 

-  IRST 

-  Static 

-  AS  AT  8 

-  Acoustic 

-  Dynamic 

-  SSM  s 

-  Laser 

Light  Tanks 

-  SAM  8 

APC  s 

ECM 

Mobile  Guns 

Bomb  8 

Troc'ps 

-  Smart 

ESM 

UAV's 

-  Dumb 

Fuel 

Armor  Protection 

Spares 

Torpedoes 

Boats 

Quns 

CTOL  Aircraft 

Mines 

Table  3 

.1,  EPLFP  Polcnlial  Payloads 

The  V/STOL  aircraft  suggested  in  Tabic  2  would  be  a  vertical  lakc-off 
and  landing  aircraft  which  uses  a  Ihnisi  augmented  ram  to  allow  rl  to 
hover  a  few  inches  off  a  surface  with  much  less  thrusl  than  required  for 
vertical  flighl.  In  this  way,  the  airr  .ir  ..  vapabic  of  carrying  a 
stgnirtcantlv  greaicr  payload  and/or  having  much  greater  range  or 
ct^urance. 

3.1*  Other  Applications 

Table  4  presenis  a  list  of  olher  applications  for  surface  cffcci  platforms 
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The  large  seaplane  derivative  would  be  a  Navy’s  large  missile 
carrier/launchcr,  mine  layer  and  MCM  platform,  ASW  platfonn  and 
maritime  replenishment  platform. 

Service  Applications? 

Coaat  Guard  •  Navy  in  Some  Countries 

•  Navy: 

-  Large  Missile  Carrier/Launcher 

-  Tactical  Strike  Reconnaisance  (V/STOL) 

-  Mine  Layer /MCM  Platform 

-  ASW  Platform 

-  Maritime  Replenishment 

•  AIR  FORCE  -  Logistics  Support  (C-5B/AN-124) 

•  ARMY  -  Tank  Buster  (UAV  or  Manned) 

•  COAST  GUARD  -  Law  Enforcement/Rescue 

•  MARINE  CORPS  -  Amphibious  Landing  Craft 


both  fixed  ground  board  and  moving  belts  in  wind  turmels.  In  tow 
tanks,  the  speeds  are  inadequate  to  simulate  full  scale  air  dynamic 
pressure.  Also,  existing  experimental  facilities  may  not  be  able  to 
simulate  full  scale  Froude  and  cavitation  numbers  at  the  same  time.  To 
obtain  more  accurate  data  may  require  the  design  of  development  of  a 
captured  flight  rig  that  might  also  solve  the  problems  of  testing  over  a 
wavy  surface. 

Opfjommuy  Low  Hying  Sea|]l«ie  Seaplsie  V/STOI. 

Canvemianal  Derivative  Derivative  TAR 

Aircraft  (Amphibioui)  (Non- 

Amph^NOUg) 

Aerodynanica 

lift  Augmentation  (T.O.  A  Landing  * 

Testing  Fadlitiec  + 

Configuration  Imegntian 
Thfuit/Power  Augmented  Ram 
Integration 

Flow  Control  4- 


Includes  NAR  and  TAR  EPLFP’s 
4.  Service  Applications 


Hydrodynanics 

Table  4  Hirtut/Power  Augmented  Ram 
IrK^ration 
Spray  Effects 

Hydrodynamic  Load  Alleviation 


The  V/STOL  tactical  strike  reconnaissance  aircraft  might  be  based  on 
small  carriers  or  amphibious  assault  ships.  Using  these  ships  as  their 
main  operating  base,  they  might  be  selectively  deployed  to  other  fleet 
assets  to  make  their  presence  less  obvious.  The  other  primary 
advantage  of  this  type  of  VTOL  aircraft  is  its  ability  to  be  operated  fnjm 
ship  to  shore  to  concealed  dispersal  points  and  operated  at  will  against 
enemy  lines  without  the  need  of  tanker  assets  once  a  fuel  supply  has 
been  established. 

For  an  Air  Force  the  same  seaplane  derivative  would  support  planes 
such  as  the  C-5’s.  and  An-124 's.  The  army  might  use  relatively  small 
vehicles  which  use  the  TAR  to  give  them  amphibious  capability.  Also, 
U  AV 's  might  be  used  flying  only  a  few  feet  off  the  ground  where  terrain 
permits  but  not  benefiuing  significantly  from  surface  effect.  A  Coast 
Guard  could  use  either  amphibious  or  non-amphibious  platforms  for 
surveillance  at  altitude.  Once  a  transgressor  has  been  spotted,  the 
platform  would  rapidly  descend  and  give  chase,  land,  board  and 
apprehend  the  ciiminal/s.  These  platforms  could  also  be  used  for  search 
and  rescue.  For  the  coast  guard  role  these  platfonns  may  need  to  be  sea 
sitters,  flying  only  occasionally. 


Prapuliion 

Envirorunenl 

Bypass  Ratio/Enginc  Cycle 
Opbmtution 

Flight  Controls 

Autopilot 
Ry-By-Wire 
Speaal  Device 

&/vctures 
Environment 
ProduciMity 
Smart  Jotnu 

Strength  to  Weight  Materials 
Suppoft^iliiy 

Sensors 

Surface  Contours 
Colbsion  Avoidance 


For  a  Marine  Corps,  a  medium  range  amphibious  platform 
accompanying  the  ba^e  group  would  pcihaps  be  appropriate.  With  a 
cruise  speed  of  300  knots  it  would  provide  troop,  equipment  delivery 
and  resupply.  For  special  operations,  a  small  version,  which  would  also 
be  amphibious,  could  be  housed  within  the  confines  of  ships  with 
landing  docks. 

4.0  TECHNOLOGY  OPPORTUNITIES 

Technology  development  and  enhancement  opportunities  applicable  to 
all  surface  effect  platforms  are  shown  in  Table  5.  These  could  be  treated 
as  multi-national  efforts.  Most  of  the  items  are  self  explanatory. 
However,  some  major  opportunities  arc  discussed  hereafter. 

As  mentioned  in  the  early  part  of  the  paper,  the  maximum  obuinablc  lift 
coefficient  in  surface  effect  is  clearly  a  major  issue.  The  reduction  of 
take-off  and  landing  speeds  in  surface  effect  depends  on  increasing  the 
maximum  lift  coefficient,  significantly,  and,  therefore,  represents  a 
major  technical  challenge  and  major  opportunity  for  a  research  effort. 

The  major  driver  in  achieving  long  range  performance,  becau,sc  of  the 
"costs"  of  flying  at  low  level  in  terms  of  adverse  structural  weight  and 
adverse  propulsion  efficiency  impacts  is  aerodynamic  efficiency.  To 
achieve  the  L/D's  which  accommodate  these  penalties  and  still  allow 
long  range  capability  will  require  new  aerodynamic  rttscarch  in  the 
areas  of  analysis  aixl  testing  perhaps  extending  to  aerodynamic 
prototype  platforms  such  as  those  for  the  Vulcan  bomber  Areas  of 
investigation  would  include  wing  planform,  wing  sections,  cndplate 
sections  and  placement,  and  interference  drag  investigations.  These 
investigations  should  be  done  through  subsonic,  tran.sonic  and 
supersonic  Mach  numbers. 

In  terms  of  testing  facilities  there  are  concerns  about  the  adequacy  of 


♦  DcvelofMnem/Fjihincemcnl  Opporiunuy 
-  DoubtfulofNoOpponuniiy 

5.  Technology  Opportunity  Research  Areas 

Three  hydrodynamic  areas  arc  identified.  The  thrust  augmented  ram  is 
the  primary  challenge  lo  minimize  hydrodynamic  and  aerodynamic 
drag  during  lake-off.  New  or  highly  modified  hulls  need  to  be 
developed  in  reduce  spray  drag.  Spray  scrubbing  may  also  create 
erosion  depending  on  the  coaslruciion  of  the  fuselage.  Hydrodynamic 
load  alleviation  may  be  achieved  through  the  use  of  wedges  on  the 
fuselage  and  perhaps  hydroskis.  New  hull  designs  could  eliminate  this 
problem. 

New  scasois  will  probably  have  to  be  developed  and  tied  lo  the 
autopilot  to  succcssfijily  fly  the  platforms  over  both  terrain  and  waves. 
Triplicated  redundant  flight  controls  and  computers  will  be  ncce.ssary 
to  assure  safely.  Along  with  the  flight  control  sysuim,  a  collision 
avoidance  system  for  sea  arid  air  irafTic  objects  will  need  to  be  installed. 

5.0  SUMMARY 

Surface  Effect  or  “ground  effect"  as  it  i.s  more  usually  referred  to  was 
always  considered  a.s  a  low  .speed  phenomena  asisociaied  with  the 
change  in  flow  close  to  a  surface.  Academically  “ground  effect"  was 
said  lo  alter  the  wing  upwa.sh.  downwash  and  wing  tip  vortices  reducing 
induced  drag  and  increasing  lift.  While  this  is  true,  it  is  now  clear  that 
there  are  other  positive  effects  and  these  effects  occur  both  at  low  and 
high  Mach  numbers. 

Surface  Effect  might  be  better  defined.  Surface  Effea  deals  with  the  the 
aertxiynamic,  acroelastic  and  acroacoustic  impacts  on  platforms  flying 
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within  surface  eHect.  The  boundary  of  surface  effect  is  a  function  of 
height  above  the  surface.  This  height,  itself,  is  a  function  of  Mach 
number. 

Russian  documents  suggest  that  there  are  other  drag  reductions 
attributable  to  surface  effect,  namely  profile  drag  and  wave  drag  due  to 
lift.  However,  the  mechanism  for  these  reductions  is  not  clear.  For  the 
profile  drag  reduction,  the  possibility  of  laminar  flow  at  least  on  the 
lower  surface  of  a  wing  does  exist 

Pilot  reports  indicate  an  improvement  in  ride  quality  as  the  ground  is 
approached  even  at  supersonic  speeds.  They  also  report  that  stability  is 
good  as  is  maiKuverability.  Aircraft  which  would  be  expected  to  have 
poor  ride  quality  owing  to  their  low  wing  loading  also  are  repotted  as 
having  good  ride  quality  by  their  pilots.  Analytical  investigations  and 
wind  tunnel  tests  to  confirm  or  deny  this,  currently,  appear  not  to  exist. 
The  combination  of  a  profile  drag  r^uction  and  additive  surface  effects 
on  wings  of  delta  shape  suggest  that  this  may  be  an  ideal  planform  for 
further  investigation.  The  overall  improvement  of  aerodynamic 
efficiency  in  surface  effect  of  a  delta  wing  and,  also,  the  effects  on  the 
center  of  lift  and  pitching  moment  in  and  out  of  surface  effect  suggest 
that  this  might  be  the  planfoim  of  choice  for  future  large  seaplane 
derivatives  designed  to  fly  in  surface  effect.  Because  of  their 
conservative  wing  loadings,  these  seaplane  derivatives  may  have  the 
potential  to  fly  at  altitudes  of  50,000  to  55,000ft. 

Aircraft  that  have  flown  in  surface  effect  are  generally  the  older  types 
with  design  histories  dating  back  to  the  late  40's  and  early  50‘s.  None 
appear  to  have  experienced  stability  problems.  Therefore  it  looks  as 
though,  if  desired,  present  and  future  land  based  aircraft  could  easily  be 
designed  and  equipped  to  fly  at  low  levels. 

Seaplane  derivatives  have  the  potential  to  offer  sequential  mission 
opportunities  and  a  tactical  freedom  currently  not  available  with  any 
platform  extam.  Specifically,  they  offer  ocean  sitting  capability, 
endurance  cruise  at  200  -  250  knots;  extremely  long  range  cruise  at  350  - 
450  knots  for,  perhaps,  1 0,000  nautical  miles;  high  speed  dash  cruise  at 
over  550  knots  for,  perhaps,  5,000  nautical  miles;  and  the  opportunity 
to  cruise  at  over  35,000ft  at  Mach  0.85+  for  5,000  nautical  miles.  The 
tactical  value  of  a  platform  which  can  sit  in  the  sea,  cruise  as  a  normal 
ship  or  fly  in  any  of  four  speed  ranges  cannot  be  overlooked. 

To  complete  the  family  of  Enhanced  Performance  Low  Rying 
Platforms  for  potential  development,  we  should  include  future  land 
based  aircraft  with  the  capability  to  fly  extremely  low.  amphibious 
seaplane  derivatives  which  would  have  medium  to  short  range 
capability  and,  last,  but  not  least,  future  generations  of  the  category  of 
ground  effect  vehicles  pursued  by  Russian  technology  innovators  and 
engineers  over  the  last  three  dec^es. 

While  there  are  major  issues  to  be  resolved,  it  is  clear  that  more  research 
in  understanding  and  applying  surface  effect  flight  capabilities  to  future 
platforms  is  appropriate.  Such  research  will  offer,  perhaps, 
multi-national  opportunities  in  all  aspects  of  air  vehicle  design  and 
man/machine  interface. 
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SUMMARY 


Both  commercial  and  military  aspects  of  Cargo 
Transport  Aviation  were  discussed  at  the  International 
Symposium  organized  hy  the  French  Aerospace 
Academy  (ANAE),  held  in  March  1993  in  Strasbourg 
[Ref.  1]. 

In  the  framework  of  this  AGARD  Flight  Mechanics 
Panel  Symposium  on  "Long  Range  and  Long  Endurance 
Operation  of  Aircraft",  this  paper  summarizes  some  of 
the  contributions  and  discussions  dealing  with  the 
future  role  of  the  Air  Cargo  Transportation  in  relation  to 
a  global  international  policy  of  military  and  huma¬ 
nitarian  intervention,  including  their  technical  and 
operational  aspects. 

In  a  first  part,  the  status  of  the  World's  Air  Cargo 
activity  is  reviewed  in  terms  of  the  main  operational 
cargo  airplanes,  their  capacity  and  their  range,  used 
both  for  commercial  (Fig.  1)  and  military  (Fig.  3) 
purposes;  it  includes  the  family  of  large  cargos  (Fig.  2) 
developed  by  Antonov  in  Ukraine  and  preliminary 
designs  of  huge  cargo  projects  by  the  Russian  laboratory 
TsAGI  for  250  to  500  tons  payload,  and  by  NASA  with 
spanloader  or  conventional  schemes  for  intermodal 
containers  transport  (Fig.  6). 

In  a  second  part,  the  present  U.S.  Military  Airlift 
forces  are  analysed  (Fig.  4),  with  some  comments  on 
their  recent  global  airlift  deployment  during  the  Gulf 
War  (Fig.  5). 

It  is  concluded  that,  as  regards  long  term  global 
policy,  such  existing  task  forces  are  totally  inadequate  to 
either  stop  immediately  some  local  conflicts  around  the 
world,  or  to  save  population,  in  case  of  migor  natural  or 
man-made  (nuclear  hazard?)  disasters. 

That  is  why  a  much  larger  airlift  system  should  be 
developed  on  an  intergovernmental  basis,  the  main 
objective  would  be  its  "strategic  efficiency"  instead  of  a 
"profit  earning  capacity",  as  used  in  commercial 
aviation. 

For  that  purpose,  a  "supercargo"  can  be  defined, 
developed  and  produced  in  the  framework  of  an 
international  consensus  between  the  migor  aeronautical 
powers. 


Its  size,  configuration,  operational  characteristics 
and  performance  must  be  discussed,  and  a  compromize 
agreed  to  cope  with  the  main  military  and  humaritarian 
missions;  but  such  "supercargo"  airplane  would  be 
certainly  much  larger  than  the  present  ones,  with  two  to 
four  times  their  payload,  and  a  transcontinental  range 
capability;  for  their  development,  advantage  would  be 
taken  of  the  best  technologies  that  would  become 
available  in  the  next  decade,  and  of  the  availability  of 
design  capability  in  the  world's  aircraft  industry 
resulting  from  the  present  crisis.  A  flying  wing 
configuration  is  suggested  cs  a  basis  for  a  preliminary 
project  (Fig.  7,  8  and  9). 

Finally,  there  is  certainly  a  conunereial  spin-off  of 
such  massive  supercargo  production,  if  used  to  compete 
successfully  with  the  surface  transportation  systems 
(sea,  road,  rail)  of  large  intermodal  containers  already 
used  on  major  international  markets. 


L’AVKNIRD'AVIONS  CARGOS  MLLTl-ROI.ES 
A  l,ARGRCAPACITE 
ET  GRAND  RAYON  D’ACTION 


I)  INTRODUCTION 

Au  cours  d'un  Symposium  International  organise 
en  mars  1993  k  StrasiMurg  par  I'Acadkmie  Nationale  de 
I' Air  et  de  I'Espace  (ANAE),  le  double  aspect  commercial 
et  militaire  a  4t4  analyst  [ij.  Son  intdrkt  ktait : 

-  de  rkunir  tous  les  acteurs  de  cette  activity 
akronautique  en  croissance,  avec  ses  aspects 
kconomiques,  rkglementaires  et  de  gestion  akro- 
portuaire, 

-d'entendre  les  points  de  vue  des  utilisateurs,  des 
chargeurs  et  des  compagnies  akriennes, 

-  et  enfin  de  prendre  connaissance  des  propositions 
de  constructeurs. 
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L'ensemble  des  35  communications,  des  interven¬ 
tions  et  des  conclusions  de  la  table  ronde,  en  cours 
d'^dition  dans  des  Actes  de  I'ANAE,  constitueront  un 
document  de  grande  valeur.  Dans  le  cadre  du  present 
Symposium  AGARD/FMP  sur  les  aspects  op4rationnels 
des  avions  k  grand  rayon  d'aciiun  et  longue  endurance,  il 
a  semble  int^ressant  d'en  presenter  une  courte  synthese 
et  d'en  tirer  quelques  conclusions  personnelles  relatives 
k  I'avenir  de  gros  avions  cargo  multi-missions 
militaires/civiles  dans  un  contexts  d'op^rations  inter- 
nationales. 


in  ETAT  ACTUEL  DU  TRAFIC  OK  KRET  AERIEN 
COMMERCIAL  DANS  LE  MONDE 

La  flgure  1  resume  les  donnees  essentielles  de 
I'activite  fret  aerien  commercial  actuel.  II  est 
manifestement  lie  k  l'4tat  de  I'economie  mondiale,  (tout 
comme  le  trafic  passagers)  et  Ton  prevoit  pour  les 
10  prochaines  annees  une  croissance  de  I'ordre  de  7  % 
par  an  [2,3,4], 

Cependant,  I'activite  aerienne  subit  actuellement 
de  plein  fouet  les  consequences  de  la  recession  mondiale, 
et  dans  ces  conditions,  les  utilisateurs  aussi  bien  que  les 
compagnies  aeriennes  estiment  qu'i  court  terme, 
I'objectif  primordial  est  d'augmenter  la  rentabilite  de 
I'activite  de  fret  en  utilisant  au  mieux  le  materiel 
existant  ou  en  commands  dans  les  ann4es  80/90  [2,  3, 4], 
c'est-k-dire ; 


-  les  soutes  des  avions  de  transport  regulier  pour 
passagers ; 

-  des  avions  "tout-cargo"  directement  contus  pour 
cet  usage,  ou  adapt^s  ult4rieurement  k  partir  de 
versions  "passagers",  et  qui  representent  un  millier 
d'avions  dans  le  monde  occidental. 

Ces  deux  flottes  distinctes  se  partagent  respec- 
tivement  60  %  et  40  %,  du  trafic  total  du  fret  aerien 
mondial  qui,  en  1990,  representait  25  millions  de  tonnes, 
soit  66  milliards  de  tonnes  x  kilometres  transportes. 
Cela  represente  1  %  seulement  du  trafic  en  tonnage, 
mais  10  %  en  valeur  du  fret  total  mondial  -  mer,  fer, 
route  et  air  confondus  Enfin,  le  fret  represents 
seulement  12  %  des  recettes  mondiales  du  transport 
airien. 

Par  ailleurs,  il  est  reconnu  que  tout  progres  realise 
dans  I'activite  du  fret  aerien  passe  par  une  amelioration 
obligatoire  du  traitement  du  fret  au  sol,  sur  I'aeroport 
puis  vers  le  destinataire  final.  Enfin,  une  plus  grande 
autonomie  est  souhaitee  entre  le  trafic  passagers  et 
I'activite  "tout-cargo  fret-express". 

En  ce  qui  concerne  les  vehicules,  la  figure  2  resume 
les  caracteristiques  charge  utile/masse  au  decollage  de 
l'ensemble  des  avions  cargo  operationnels  dans  le  monde 
ainsi  qu'une  projection  de  futurs  projets  de  "super¬ 
cargos"  sur  lesquels  nous  reviendrons  plus  loin. 


Fig.  1  COMMERC I  AI_,  WORLD  AIR  CARGO  IN  RERSRECT  I  VE 


AIR  FREIGHT  TRAFFIC  IN  1990  : 


-  25  MILLION  TONS  (l.e.I.1%  MARITIME 
'DRY  FREIGHT! 

-  66  BILLION  TONSxK I LOMETERS  FLOWN 
(36  Billion  tons  x  nautical  Miles) 

-  THIS  FREIGHT  TRAFFIC  ACCOUNTS  FOR 
ABOUT  28%  OT  THE  TOTAL  AIR  TRAF¬ 
FIC;  72*  IS  DEVOTED  TO  I'ASSENGBR'S 
TRANSPORT, WITH  171  BILLION  TONSxKM 
(tPAX  90  K<j) 


SINCE  1970, THE  AIR  FREIGHT  TRAFFIC  MAS 
DOUBLED  EVERY  DECADE. 

A  7%  FREIGHT  TRAFFIC  GROW  IS  EXPECTED 
FOR  IME  NEXT  DECADE  (to  bo  compared  with 
a  5-6*  qrow  for  the  passenger's  traffic) 

-  THE  WESTERN  CARGO  JET  FLEET  INCLU-  , 
BED  982  AIRPLANES  (END  1992); 

60*  OF  THEM  WERE  CONVERTED  FROM 
FORMER  PA.SSENOER'S  A/C;  107  NEW 
CARGO  A/C  WERE  ORDERED. 


-  THE  AIR  FREinilT  MARKET  REPRESENTS 
ONLY  12*  OF  THE  WORLD  AIR  TRAFFIC 
TURNOVER  (INCLUDING  1*  FOR  THE 
AIR  MAIL) 

-  90*  OF  THE  FREIGHT  TRAFFIC  IS  FLOWN 
BY  COMPANIES  FROM  EUROPE  (34*), 

USA  (28*)  AND  ASIA/PACIFIC  (28*). 

-  THE  INTERNATIONAL  TRAFFIC  REPRE¬ 
SENTS  MORE  THAN  70*  OF  THE  TOTAL, 
WITH  bOOOKm  MEAN  RANGE 
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Fig.  2  SUSPENDED  OUTSIZED  CARGO  LOADS  (TsAGI  Pro/ecti) 


IH)  I.E  KRKT  AKKIKN  MU.ITAIKK 

Sur  le  plan  militaire,  I'activite  cargo  s'esl 
considerabletnent  developpee  au  cours  des  deux 
derniferes  decennies  [5,  6,  11]  en  raison  du  deve- 
loppement  des  conflits  locaux  autour  du  monde  et  des 
interventions  humanitaires  qui  en  sont  quelquefois  la 
consequence  r^cente  ( Yougoslavie,  Somalie,  etc.). 

I>es  principaux  a  vions  specialises  pour  ces  missions 
militaires  sont  mentionn^s  sur  les  figures  3,  avec  leurs 
caract^ristiques  de  charge  utile  en  fonction  de  leur  rayon 
d'action  (y  compris  la  mission  de  convoyage  ii  vide), 
respectivement  pour  les  cargos  lourds  [5,  19),  (Fig.  3  a)  et 
pour  les  cargos  moyens  [7, 8],  (Fig.  3  b). 

Une  mention  specials  doit  etre  faite  au  nouveau 
cargo  de  I'US  Air  Force,  en  cours  de  vols  d'essais  par 
McOonnell-Douglas  [7],  le  C-17A,  qui  a  environ  la  taille 
du  C-141,  mais  donl  la  capacity  interne  de  chargement 
est  voisine  de  celle  du  C-5A,  tandis  que  ses  performances 
STOL  (volets  souffles  par  les  4  turbo-fans  en  pods  lui 
permettentd'utiliser  des  pistes  courtes  comme  un  C-130 
(Fig.  3c). 

Deux  pays,  les  USA  et  I'ex-UKSS,  possedent  des 
syst^mes  de  transports  de  fret  militaire  tr^s  d^veloppes ; 
il  est  inUressant  de  rappeler  k  ce  sujet  I'^tat  actuel  des 
forces  op^rationnellcs  am4ricaines  [5]  dans  le  cadre  de  . 
"US  Air  Mobility  command"  (Fig.  4),  ainsi  que  son  | 
d^ploiement  recent  k  I'occasion  de  la  guerre  du  Golfe  i 
(operations  "U.S.  Desert  Shield/Desert  Storm"  (Fig.  5) : 


Fig-  3  A .  1  */\v  I  /  R/vNc.ji*: 


oi"  ni;/\w 


Fig.  3  b  -  mii.n-ARv  oaroos 
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15  800  missions  ont  ete  accomplies  par  I'ensemble  des 
flottes  actives  et  de  reserve  de  I'US  Air  Force,  completee 
par  la  flotte  Civile  de  Reserve  (CRAF)  ;  544  000  tonnes 
de  cargo  et  501  000  passagers/troupes  transportes,  avec 
une  moyenne  de  125  missions  par  jour,  sur  rayon 
d'action  moyen  de  7  500  miles  nautiques,  s'etendant  sur 
plusieursmois. 

Cependant,  les  flottes  d'avions  cargos  specialises 
disponibles  ou  en  projet  k  court  terme  dans  les  grands 
pays  seront  certainement  insuffisantes  pour  assurer  A 
long  terme  une  force  d'intervention  globale  et  rapide, 
placee  sous  une  responsabilite  intergouvernementale  et 
capable,  soit  d'etouffer  dans  I'oeuf  un  germe  de  conflit 
avant  qu'il  ne  degenere,  soit  de  porter  rapidement 
secours  ^  un  pays  subissant  une  catastrophe  majeure,  ou 
encore  de  repondre  aux  demandes  humanitaires.  11  y  a 
tout  lieu  de  penser  que  ces  actions  politiques  inler- 
nationales  seront  de  plus  en  plus  essentielles  pour  le 
maintien  de  la  paix  mondiale. 


Dans  ce  domaine,  on  ne  peut  plus  raisonner  en 
termes  de  rentability  commerciale  mais  plutot  en  termcs 
d'efficacity  stratygique,  une  notion  vitale  pour  la 
communauty  Internationale  dans  les  prochaines 
dycennies.  Les  objectifs  ytant  difTyrents,  il  faut  alors 
reprenser  la  conception  technique  et  I'utilisation 
opyrationnelle  d'une  flotte  adaptye,  I'ytudier,  la 
dyvelopper  puis  la  gerer  b  un  niveau  inter- 
gouvememental. 


Fig.  4 
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IV)  LK  BKSOIN  l)K  CARGOS  GRANTS 


Un  autre  aspect  a  prendre  en  consideration  est 
I'utilisation  obligatoire  du  transport  ayrien  pour  les 
chargements  exceptionnellemenl  volumineux,  done 
impossibles  ^  transporter  par  voie  terrestre.  C’est  grace 
au  Super  Guppy,  avion  quadri-propulseur  reconstruit 
autour  d'un  volumineux  fuselage,  qu'Airbus  Industrie  a 
pu  transporter  depuis  1971  les  elements  des  Airbus 
successifs  fabriquys  en  Anglelerre  et  en  Allemagne  vers 
Toulouse  pour  leur  montage  final  et  leur  reception  en  vol 
(9) ;  de  meme,  les  navettes  spatiales  americaines  et 
russes  sont  transportees  respectivement  sur  le  dos  d'un 
Boeing  747  et  d'un  Antonov  225,  tandis  que  le  Super 
Guppy  a  d'abord  servi  a  transporter  les  etages  des 
grands  lanceurs  spatiaux  aniyricains.  A  court  terme 
(1995),  Airbus  Industrie  prypare  un  successeur,  le 
biryacteur  S.A.T.  (Super  Airbus  Transporter),  construil 
y  partir  d'un  biryacteur  A300-600  [9]  beaucoup  plus 
performant,  rypondant  dejy  ii  un  besoin  de  transport  de 
charges  volumineuses  y  plus  grande  vitesse.  L'etape 
suivante,  eludiye  par  le  laboratoire  TsAGl  en  Russie  110) 
est  beaucoup  plus  ambilieuse  et  pryvuil  le  transport  de 
conteneurs  dytachables  suspendus  (Fig.  2) : 

-soit sous  un  hyiicoptere  gyant  de  500  tonnes  muni 
d'un  rotor  de  lOOmytres  de  diamytre,  propulsy  par 
5  turbo-fans  en  bout  de  pales,  capable  du  transport 
ponctuel  de  charges  de  I'ordre  de  250  tonnes ; 

-soil  sous  un  avion  bifuselage  de  1  300  tonnes  - 
voilure  d'envergure  140  m,  8  turbo-fans  -  capable  de 
transporter  une  charge  de  500  tonnes  sur  3  000  km. 


Bien  que  ces  projets  demandent  des  inves- 
tissements  considerables  en  recherche  et  en 
developpement,  ils  peuvent  repondre  a  une  demande 
future  de  quelques  unites  dans  chaque  pays.  A  I'echelle 
mondiale,  cela  JustiBerait  une  production  importante 
mais  il  va  de  soi  qu'une  telle  activite  devrait  etre 
conduite  dans  le  cadre  d'une  cooperation  internationale. 

Un  dernier  aspect  du  transport  massif  de  fret 
autour  du  monde  est  son  caractere  actuellement  de  plus 
en  plus  "intermodal",  car  il  utilise  des  “conteneurs  de 
20  pieds"  standardises  (cube  de  2,4  x  2,4  x  6  m3)  dont  la 
manutention  est  automatisee  entre  navire,  camion  et 
train  (Fig.  6).  Pour  que  I'avion  puisse  entrer 
efficacement  dans  cette  boucle  du  commerce  mondial,  il 
faut  au^enter  considerablement  sa  capacite  d'emport, 
et  aussi  concevoir  des  systemes  de  chargement  et  de* 
dechargement  rapides. 


Fig.  6 
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De  tels  avions  grants  "porte-conteneurs"  devraient 
connaitre  un  marche  important  dans  le  futur,  car  ils 
pr^sentent  des  avantages  indiscutables  par  rapport  au 
transport  maritime  (gain  de  temps,  acheminement 
s'exprimant  en  heures  et  non  plus  en  jours,  livraison  au 
voisinage  du  destinataire  en  n'importe  quel  point  du 
monde),  et  aussi  par  rappxirt  aux  transports  terrestres 
qui  souvent  sont  insuffisants  ou  dej^  satures,  ce  qui  est 
le  cas  des  autoroutes  entre  megapoles  111]. 

Pour  apprecier  la  charge  utile  souhaitable  pour  de 
futurs  "supercargos",  il  faut  examiner  celle  dejh  possible 
avec  les  plus  gros  avions  existants,  et  celle  visee  dans 
piusieurs  avants-projets.  La  figure  2  resume  ces  deux 
aspects  en  presentant  la  charge  utile  en  function  de  la 
masse  au  decollage  pour  des  avions  cargos  militaires  et 
civils  op4rationnels  ou  en  developpement  1111 :  ils  se 
placent  approximativement  sur  une  droiie  corres- 
pondant  une  charge  utile  representant  30%  de  la 
masse  au  d^collage,  soit  120  tonnes  de  charge  utile  pour 
une  masse  au  d4collage  de  400  tonnes  environ  dans  le 
cas  des  plus  gros  cargos  am^ricains  (civil ;  B-747  F  et 
militaires  ;  C-5B).  Les  cargos  Antonov  (Ukraine)  An- 124 
et  An-225  [191  se  situent  plus  haut,  au  voisinage  de  la 
droite  correspondent  h  CU  =  0,4  MU,  Notons  que 
I'hexaturbofan  Antonov  225,  construit  en  2  exemplaires, 
reste  le  plus  gros  avion  du  monde  (MD :  600  tonnes), 
capable  soit  de  transporter  250  tonnes  sur  courte 
distance,  soitde  parcourir  15  400  km. 

En  eztrapolant  cette  droite,  on  d^couvre  les 
diff^rents  avant-projets  pr^senUs  au  Symposium  de 
Strasbourg :  au  centre  de  ces  supercargos  se  trouve  un 


projet  d'hydravion  geant,  Hydru-2000,  presente  par 
I'amiral  Goupil  [13]  :  ce  concept  interessant  perniet  de 
s'alTranchir  des  limitations  de  pisleselde  beneficier  d'un 
tres  grand  nombre  de  plans  d'eau  autour  du  monde,  ainsi 
que  des  installations  portuaires  pour  la  manutention  de 
ses  conteneurs  (CU  =  400  tonnes  sur  6  500  km,  masse 
au  decollage  MD  =  1  000  tonnes) ;  sa  propulsion  ferait 
appel  a  6  turbo-fans  de  la  classe  90  000  livres 
(6  X  41  tonnes)  deja  en  cours  de  developpement  (par 
exemple  le  GE-90  de  General  Electric  /  SNECMA), 


Le  concept  bifuselage  etudie  par  Lockheed  [14] 
(CU  =  300  tonnes,  MD  =  900  tonnes)  est  interessant 
non  seulement  en  raison  de  sa  large  surface 
d'atlerrisseurs  mais  aussi  en  raison  du  rendement 
structural  de  sa  voilure  (Fig.  8),  qui  permet  un  grand 
allongement  et  done  un  bon  rendement  aerodynamique. 

Enfin,  une  etude  recente  de  NASA-Langley  [15] 
decrit  un  projet  de  porte-conteneur  geant  -  capacite 
84  conteneurs,  par  rangees  de  7  dans  un  fuselage 
circulaire  de  10  m  de  diametre  ;  e'est  une  configuration 
classique  a  10  turbopropulseurs  a  helices  rapides 
permettant  une  faible  consommation  (consommation 
specifique  =  0,43,  mais  conduisant  a  une  vitesse  de 
croisiere  modeste  (Mach  0,65,  d'oii  I'utilisation  possible 
d'une  simple  voilure  sans  fleche,  de  grand  allongement, 
mais  dotee  d'un  controle  de  laminarite  pour  reduire  sa 
trainee  (finesse  de  25  h  comparer  a  18  environ  pour  les 
avions  actuals).  Avec  une  masse  au  decollage  de 
1  113  tonnes,  il  pourrait  transporter  450  tonnes  en 
conteneurs  sur  9  ()00  km. 

On  a  egalement  porte  sur  la  figure  2  un  projet 
d'aile  volante  geante  pour  1  000  passagers  propose  par  le 
TsAGI  [16],  qui  pourrait  prefigurer  ui.  cargo  geant  dont 
la  charge  utile  serait  repartie  dans  la  partie  centrale 
tres  epaisse  de  I'aile;  cette  aile  volante  (FW-900)  est 
credit^e  d'une  finesse  aerodynamique  remarquable  de  26 
k  un  Mach  de  croisiere  de  0,8  d'apres  les  resultals  de 
souffierie  extrapoles  au  vol ;  la  figure  7  montre  que  cette 
finesse  est  de  25  %  superieure  h  celle  d'un  avion 
classique  de  meme  capacite  et  memes  performances 
(WB-900),  due  a  une  surface  mouillee,  done  a  une 
trainee  de  frottement,  inferieure  de  56  %  k  celle  des  gros 
porteurs  classiques  actuels,  malgre  leur  allongement 
superieur  de  30%.  De  telles  performances  avaienl  deja 
etc  estimees  par  la  NASA  qui  avait  lance,  dans  les 
annees  70,  des  ktudes  d'avanl-projets  avec  les 
constructeurs  americaines  [14,  15,  17,  18|  afin  de 
rechercher  les  configurations  les  mieux  adaptees  au 
transport  massif  de  fret;  Tune  d'elles  etait  une  aile 
volante  geante  dont  le  fret,  constitue  de  conteneurs 
intermodaux,  etait  reparti  le  long  de  I'envergure  de  I'aile 
suivant  le  concept  "spanloader".  La  figure  8  1 18]  montre 
que  ce  concept  permet  de  reduire  la  masse  struclurale  de 
20%  par  rapport  k  celle  d'une  configuration  classique  ; 
on  note  aussi  que  la  solution  "bifuselage"  est 
interessante. 

Malheureusement  la  NASA  avait  raison  trop  tot  et 
ces  projets  furent  abandonnks  faute  de  marche,  ce  qui 
n'est  probablement  plus  le  cas  aujourd'hui. 
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Fig.  7 


V)KSQUISSK  IVUN  PHOJKT  l)K  CAKGO  STKA- 
TKGIQUK  GLOBAL 

A  parlir  de  ces  projections  de  difTerents  concepts  de 
supercargos,  on  pent  done  essayer  d'esquisser  ce  que 
pourrail  etre  un  projet  de  cargo  "strategique  global" 
susceptible  d'interesser  non  seulement  les  gou- 
vernements  (les  frais  initiaux  de  recherche  pourraient 
etre  finances  au  niveau  international),  niais  aussi  des 
utilisateurs  commerciaux  potentiels  d'une  flotte  d'avions 
"porte-conteneurs".  Cette  flotte  serail  d'ailleurs  com- 
plemenlaire  et  non  pas  rivale  de  celle  des  avions  cargos 
actuels,  car  son  inarche  serait  b  conquerir  sur  les 
transports  de  surface,  en  particulier  sur  les  axes 
commerciaux  futurs :  Transpacifique,  Transatlantique 
et  Transiberien.  Un  accroissement  du  marche  total 
mondial  du  fret  de  1  %  necessiterait  une  bonne  centaine 
d'avions  porte-conteneurs  a  I’oree  du  XXI<--  siecle  et  cette 
deroande  nouvelle  viendrait  s'ajouter  au  besoin  de 
transport  massif  "d'intervention  intergouverne 
mentale". 

C'esl  probablement  la  meilleure  chance,  pour  les 
bureaux  d'btudes  et  les  centres  de  recherche  de  par  le 
monde,  d'entrer  des  mainlenant  en  competition  pour 
faire  valoir  leurs  meilleures  idees  et  realiser  un  "saut 
technologique"  qui  sera  profitable  b  tous.  Tres 
bgoistement,  je  pense  au  role  eminent  que  I'Burope 
pourrail  jouer  dans  une  telle  competition... 

Sur  la  figure  9,  j'ai  caricature  un  tel  projet  dans 
I'unique  intention  de  souligner  les  avances 
technologiques  souhaitables,  qui  interessent  b  la  fois 
I'abrodynamique,  le  systeme  propulsif,  la  conception 
struclurale  nouvelle  -  utilisant  en  priorite  des  matb- 
riaux  composites  -,  ainsi  que  les  systemes  automatiques 
de  contrdle  et  de  gestion  du  vol. 
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SUPERCARGO  LAYOUT 


■)  TAKt  Off 


COMPOSITE  MATERIALS  AIRFRAME 
(Main  and  secondary  structures) 
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flight  management  systems) 


Le  concept  figure  ici  est  fonde  sur  une  confi¬ 
guration  d'«aile  volante»,  combinant  les  avantages 
structuraux  du  double  fuselage  et  ceux  d'une  voilure  en 
fleche  epaisse  et  de  corde  constante,  pouvant  contenir 
une  par  ic  de  la  charge  utile  repartie  en  envergure 
(Fig.  8).  Le  systeme  propulsif,  integre  d  I'aile  centrale, 
comporte  un  certain  nombre  de  turbo-fans  ^  grand  taux 
de  dilution,  de  faible  consonunation  et  de  bruit  modere, 
utilises  aux  basses  vitesses  pour  participer  a  I'hyper- 
sustentation  -  effet  jel  flap  -  et  au  freinage  aero- 
dynanique  lors  de  I'atterrissage.  Les  systemes  de 
controle  automatique  permettent  en  particulier  de  voler 
"instable  en  longitudinal  et  en  route”,  d'oii  reduction  des 
surfaces  d'empennages,  et  done  de  la  trainee.  La 
viabilite  d'un  tel  controle  sur  une  aile  volante  est  dejii 
demontree  avec  le  bombardier  americain  Northrop  B-2  ; 
notons  que  des  plans  "canard"  pourraient  s'averer 
necessaires  pour  equilibrer  une  forte  hypersustentation. 
Enfin,  la  base  des  2  fuselages  est  occupee,  soit  par  des 
atterrisseurs  multiroues,  soit  par  des  coussins  d'air 
eclipsables  assurant  une  bonne  repartition  de  la  charge 
au  sol  et  permettant  d'utiliser  des  terrains 
sommairement  prepares.  Bn  effet,  pour  une  pleine 
efficacite  operationnelle  de  supercargo  "d'intervention 
globale"  [12]  evoque  plus  haut,  on  ne  pourra 
certainement  pas  se  contenter  de  missions  entre  grands 
aeroports  ou  bases  militaires,  il  faudra  done  pouvoir 
utiliser  aussi  des  terrains  sommairement  prepares,  ce 
qui  implique  un  concept  STOL/decollage-atterrissage 
court. 

Par  ailleurs,  un  tel  avion  doit  pouvoir  intervenir  en 
n'importe  quel  point  du  globe  en  partant  de  quelques 
bases  principales,  ce  qui  implique  un  rayon  d'actiun  a 
pleine  charge  de  I'ordre  de  6  000  km,  et  environ  le  double 
en  mission  "convoyage",  pour  laquelle  on  pourrait 
remplacer  la  charge  utile  par  du  carburant  sup- 
plementaire  rapidement  stocke  b  bord  de  conteneurs 
speciaux  ;  k  la  limite,  une  fonction  de  ravitaillement  en 
vol  pourrait  meme  etre  envisagee. 

L'application  de  toutes  ces  technologies,  nouvelles 
mais  dejh  "validees"  pour  la  plupart,  devraient  conduirc 
h  une  configuration  nettement  plus  performante  que 
celle  des  avions  classiques  actuels,  tant  en  ce  qui 
conceme  le  rendement  structural  -  le  rapport  entre  la 
masse  k  vide  operationnelle  et  la  masse  au  decollage  - 
serait  dimide  plus  de  20  %  grfice  h  I'emploi  generalise  de 
materiaux  composites  ;  le  rendement  aerodynamique  - 
la  finesse  -  serait  augmente  de  18  k  24  environ,  soit  un 
gain  de  plus  de  30%,  et  la  charge  utile  transportable 
passerait  de  30  %  b  40%  de  la  masse  au  decollagc 
(Fig.  2).  Cette  masse  au  decollage  pourrait  se  situer 
entre  800  et  1  200  tonnes  suivant  les  besoins  exprimes 
par  les  futurs  utilisateurs  militaires  (missions 
strategiques  globales)  et  civils  (porte-conteneurs 
intermodaux).  l>es  specifications  pourraient  faire  I'objet 


d'un  consensus  quant  k  la  capacite  d'emport  de 
conteneurs  et  quant  aux  performances  de  basse  vitesse 
minimale  afin  de  pouvoir  utiliser  dans  les  deux  cas  des 
pistes  mediocres.  Bien  entendu,  ces  supercargos  seraient 
compiementaires  des  flottes  militaires  et  commerciales 
"classiques"  dont  les  roles,  et  done  les  specifications, 
resteront  fort  differents. 

En  ce  qui  concerne  la  vitesse  de  croisiere  optimale, 
on  n'est  pas  astreint,  comme  pour  un  avion  de  transport 
de  passagers,  a  minimiser  le  temps  du  voyage,  en 
particulier  dans  le  cas  des  longues  etapes,  et  I'economie 
operationnelle  conduira  probablement  a  des  nombres  de 
Mach  de  I'ordre  de  0,70  a  0,75  en  croisiere.  qui  sont  bien 
adaptes  aux  gros  turbo-fans  a  grand  taux  de  dilution. 
Ces  derniers  sont  plus  fiables  que  de  gros  turbo- 
propulseurs  h  helices  rapides,  et  surtout  ils  offrent  la 
possibilite  d'envisager  une  integration  intelligente  de  la 
propulsion  5  la  cellule,  grace  k  laquelle  on  pourra 
developper  un  flux  hypersustentateur,  particulierement 
souhai table  pour  ce  type  d'avion  "multi-missions". 

Tous  ces  facteurs  peuvent  coucourir  a  une  forte 
diminution  du  cout  de  la  tonne-kilometrique,  qui 
toutefois  restera  toujours  superieur  a  celui  des 
transports  de  surface  1151.  Mais  la  reduction  des  temps 
de  transport  aerien  est  inestimable  et  il  est  clair  que 
nous  en  avons  definitivement  besoin. 

En  conclusion,  il  faut  peut-etre  rappeler  que  nous 
savons  voler  depuis  90  ans,  que  nous  nous  sommes  servis 
de  la  troisieme  dimension  pour  le  meilleur  et  pour  le 
pire,  et  je  souhaite  dire  que  le  moment  est  venu  de  se 
fixer  des  objectifs  a  long  terme  pour  utiliser  au  mieux 
nos  capacites  creatrices  au  benefice  de  tous,  en  ces  temps 
d 'a pres- guerre  froide  et  de  paix  chaude.  Le  lancement 
d'un  projet  de  supercargo  ne  pourrait-il  pas  etre  un  bon 
theme  de  consensus  international  ? 
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SUMMARY 

The  present  high  performance  aircraft  designs  are  increasingly 
using  high  strength  composite  structures,  mainly  made  of  unidi¬ 
rectional  caibonflber  tapes. 

But  the  composite  technology  is  still  afflicted  with  several  weak 
points,  e  g.  the  lack  of  adequate  mechanized  tape  application 
techniques  for  complex  compound  structures,  unsatisfying  de¬ 
signs  and  design  methods  and  missing  continuous  CAD/CAM- 
linkage. 

In  the  following  paper  we  will  describe  an  "Integrated  Tape 
Laying  System"  (ITLS)  which  uses  a  new  tape  steering  techno¬ 
logy  for  automated  manufacturing  of  complex  pans.  This  system 
integrates  the  steering  technology's  potentials  and  restrictions 
completely  in  the  design  process  to  avoid  time  consuming  itera¬ 
tion  loops  and  to  optimise  the  structure. 

To  be  able  to  understand  the  detailed  process  a  short  overview 
about  two  different  geometry  models  demonstrated  on  a  typical 
example  will  be  given.  From  this  the  optimal  detailed  process 
will  be  denved,  with  an  imponant  influence  from  the  specific 
manufactunng  technology. 

Finally  some  remarks  on  economic  potentials  are  outlined  with 
there  impact  on  typical  composite  aircraft  parts  related  to  diffe¬ 
rent  automated  manufacturing  techniques. 

I.  INTRODUCTION 

One  major  basic  target  for  long  range  and  long  endurance  opera 
non  of  aircraft  is  minimum  structural  weight. 

For  reaching  this  target  the  use  of  composite  structures  will  have 
the  biggest  potential.  The  unidirectional  propenies  of  carbonfi- 
ber  e  g  are  about  6  times  higher  in  the  specific  tensile  strength 
and  about  3  times  higher  in  the  specific  stiffness  compared  to 
aluminium  alloy  However,  these  values  are  related  to  one  single 
material  orientation  which  is  not  applicable  in  most  practical  de¬ 
signs.  But  half  of  the  above  values  should  be  achieved  in  future. 
Although  meanwhile  well  established  and  used  in  aircraft  indus¬ 
try,  the  composite  technology  still  suffers  several  weak  points 
First,  most  realized  aircraft  parts  are  no  real  composite  designs, 
due  to  their  history,  material  replacement  philosophy  plays  a 
major  role.  As  a  result,  the  weight  reduction  achievements  did 
not  fullfill  the  expectations. 


Second,  the  lack  of  mechanized  and  automaied  techniques  for 
complex  structures,  the  missing  predictabiliis  of  the  liber  path  in 
the  case  of  compound  contours  and  the  stili  dominaimg  senoJ  de¬ 
sign.  stressing  and  manufactunng  of  the  pans  are  some  of  these 
weaknesses.  They  result  in  long  product  lead  lime'-,  high  costs  and 
unsatisfying  weight  reduction. 

This  paper  desenbes  a  new  approach  for  the  iiuegraied  design  and 
manufacturing  of  complex  composite  aircraft  structures  that  may 
help  to  overcome  existing  obstacles.  The  driving  elemeni  is  a  new¬ 
ly  developed  manufacturing  technique  based  on  a  controlled  de¬ 
viation  from  the  geodesic  course  or  "natural  path  '  of  unidirectional 
tape  during  tapelaying. 

This  principle,  meanwhile  successfully  proven  with  an  advanced 
tapelaying  machine,  not  just  enables  the  manufacturer  in  future  to 
produce  non-developable  composite  structures  at  the  same  quality 
level  as  single  curvature  components  but  also  gives  engineering 
the  ability  to  predict  and  take  into  account  the  resulting  fiber  oricn- 
tauon  throughout  the  pan  while  designing  and  stressing. 

As  a  result,  three  dimensionally  contoured  pans  that  make  up  a 
high  percentage  of  aircraft  components  can  be  realized  in  a  light¬ 
weight  composite  design,  and  even  developable  pans  can  be  made 
lighter  by  applying  tape  steering  technology. 

In  order  to  gain  maximum  benefits  it  is  inevitable  to  esublish  this 
new  approach  as  an  integrated  process  nglit  from  the  beginning.  It 
is  neither  helpful  to  use  advanced  design  techniques  without 
taking  the  manufacturability  into  account,  nor  does  it  make  any 
sense  to  generate  NC-programs  for  a  sophisticated  tape  application 
apparatus  on  the  basis  of  a  conventional  pan  design. 

Thus  Engineenng  and  .Manufacturing  at  Deutsche  .i^erospace  Mili¬ 
tary  Aircraft  sffived  for  a  fully  integrated  process  that  t.ikes  ad¬ 
vantage  of  the  potential  of  tape  steering  dunng  .3D-desigii,  links 
the  stress  analysis  and  optimisation  and  genei.iies  at  the  design 
level  a  pan  program  that  can  directly  he  post-pnvesscd  into  N'C 
data  for  the  tape  application  machine. 

2.  TAPE  STEERING  TECHNOUOGY 


Composite  pans  feature  an  increased  benefit  from  the  inherent  su 
penor  performance  of  unidirectional  il  Di  tape  over  non- I  D  nia- 
tenal  forms.  The  more  the  fibers  are  continuous,  straight  and  fol¬ 
low  the  load  path  the  larger  the  benefit.  In  the  case  of  flat  or  single 
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curvature,  i.e.  developable  components,  this  -.an  be  achieved 
by  manual  tapelaying  as  well  as  with  vanous  mechanized 
tape  application  devices.  The  introduction  of  a  second  curva¬ 
ture  results  in  a  non-developability  and  causes  a  problem  be¬ 
cause  so  far  no  method  that  can  reproduce  the  same  quality 
level  as  known  from  single  curvature  parts  is  available. 

The  double  curvature  concerned  may  result  from  a  global 
non-developability  (e  g.  due  to  aerodynamic  or  radar  signatu¬ 
re  requirements)  or  from  local  spherical  areas  (e  g.  offset- 
zones  or  local  ply  build-ups).  N'on-developable  parts  become 
a  major  concern  the  more  composites  are  used  throughout  the 
aircraft  structure,  large  integrated  part  designs  are  preferred 
for  weight  and  cost  saving  purposes  and  contour  compro¬ 
mises  are  minimized  for  the  sake  of  aerodynamie  and  radar 
signature  performance. 

The  single  piece  center  fuselage  CFRP  skin  as  shown  in  Fig. I 
is  a  typical  e-;ample  for  this  situation. 


Fig.  1  Single  piece  CFRP  center  fuselage  skin 
(Sm  length) 


2.1  BASIC  PROBLEM  AND  PRINCIPLE 
SOLUTIONS 

When  laying  UD-iape  of  a  given  constant  width  onto  a  non- 
developable  surface  without  forcing  the  tape  to  deviate  from 
its  natural  path,  converging  or  diverging  of  adjacent  tape 
courses  depending  on  the  concave  or  convex  surface  geome¬ 
try  will  occur,  resulting  in  unacceptable  overlaps  and  gaps. 
Adjusting  the  tape  width  by  contouring  is  a  way  to  avoid 
overlaps  and  gaps.  But  this  method,  that  is  used  in  existing 
tapeiaying  machines,  results  in  the  cutting  of  load-carrying  fi¬ 
bers  and  thus  weakens  the  composite  part. 

The  controlled  deviation  from  the  natural  tape  path  as  indi¬ 
cated  in  Fig.  2  is  a  better  solution  because  it  maintains  con¬ 
tinuous  fibers  whilst  also  avoiding  gaps,  overlaps  and 
cuttings. 

This  "tape  steering "  technology  is  difficult  to  realize,  because 
the  simple  "  curving  "  of  the  tape  results  in  fiber  disorientations 
and  wrinkles  on  the  compression  side  of  the  tape  due  to  the 
fact,  that  the  fiber  lengths  do  not  coincide  with  the  lengths  of 
the  lay  up  track  of  the  individual  fibers  across  the  tape  width 
(see  Fig.  .1)  Tne  reduction  of  the  tape  width  down  to  the  size 
of  a  tow  like  proposed  and  successfully  demonstrated  for  sin¬ 
gle  and  multiple  tow  placement  (see  Ref.  1  and  2)  minimizes 
this  effect  but  does  not  prevent  it  completely.  The  remaining 
micro- wrinke Is  could  be  acceptable  from  a  stress  point  of 
view  and  -  after  maturing  -  the  related  technique  could  beco¬ 
me  a  viable  method  for  the  production  of  several  composite 
parts. 


Fig.  2  Diffcrenl  methods  of  covering  non-developable 
surfaces 


Fig.  3  Tape  steering  with  and  without  fiber  shifting 

At  DASA/MBB  Military  Aircraft  Division  a  different  technique 
has  been  developed  and  patented  in  the  recent  years  (see 
Ref.  4).  This  method  allows  a  controlled  tape  steering  by  using 
a  proprietary  fiber  shifting  process  that  results  in  a  curved  tape 
course  without  fiber  disorientations  and/or  wrinkles  As 
sketched  in  Fig.  3  the  key  feature  of  this  technique  is  the  relati¬ 
ve  movement  of  adjacent  fibers  within  a  tape,  that  is  made 
possible  due  to  the  visco-plasnc  behaviour  of  the  uncured 
thermoset  resin  system  and  results  in  coinciding  lengths  of 
individual  fibers  and  their  related  lay-up  tracks. 


2.2  TECHNICAL  REALIZATION  AND 
POSSIBLE  APPLICATIONS 

The  developed  and  successfully  demonstrated  D.ASA/MBB 
tape  steering/fiber  shifting  technology  (Fig.  4  shows  75  mm 
UD-iapes  laid  with  an  experimental  tapeiaying  head  along  a  8m 
radius)  is  based  on  the  principle,  that  the  excessive  length  of  the 
fibers  IS  compensated  by  a  corresponding  difference  in  course 
length  between  the  supply  reel  a  id  the  compaction  roller  of  a 
tapeiaying  head.  This  can  be  achieved  by  various  linear  or  rota¬ 
tional  movements  of  the  supply  reel  relative  to  the  compaction 
roller. 

A  more  efficient  concept  for  the  introduction  of  the  required  fi¬ 
ber  shifting  is  shown  in  Fig.  5  A  shifting  device  between  sup 
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ply  reel  and  compaction  roller  takes  care  of  the  excessive  fi¬ 
ber  length  and  generates  the  required  shifting  angle  that  ■'  a 
function  of  the  radius  and  the  length  of  the  tape  course  to  be 
laid.  The  linear  shifting  can  be  extended  to  non-linear  fiber 
shifting  by  using  a  more  complex  shifting  device  in  order  to 
cover  also  double  courved  surfaces  within  the  tape  width,  e.g. 
in  the  case  of  ramp  areas.  It  is  important  that  the  velocity  vec¬ 
tors  of  the  shifting  device  are  parallel  to  the  related  vectors  of 
the  dispensed  fibers  and  that  the  speed  can  vary  across  the 
tape  width.  Otherwise  fiber  distortion  and  lateral  movement 
of  the  tape  will  occur  (see  rel.  patent  Ref.  4  and  Fig.  6). 


S«4m«ni«o 
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Fig.  6  Effects  of  difTerenl  shifting  des  ice  designs 

On  the  basis  of  the  above  menooned  tape  steenng/fiber  shif¬ 
ting  concept  a  tapelaying  head  has  been  built  and  'ested  by 
the  Ingersoll  Milling  .Machine  Company.  USA.  which  is  able 
to  steer  tape  and  perform  all  other  functions  including  com¬ 
plex  cutting  and  scrap  removal  The  head  allows  the  applica- 
uon  of  up  to  150  mm  wide  U'D-tape  onto  compound  non- 
developable  surfaces,  thus  enabling  the  mechani¬ 
zed/automated  manufac  ture  of  composite  pans  like  the  fuse¬ 
lage  skin  displayed  in  Fig  I  Bui  also  in  the  case  of  a  develo¬ 
pable  component  upe  steenng  can  be  applied  for  higher 
structural  efficiency  (see  chapter  4) 

As  the  fiba  shifting  task  adds  even  more  axis  and  thus  mote 
complexity  to  the  anyhow  complex  multi-axis  control  of  an 
advanced  tapelaying  head,  the  generation  of  the  required 
NC-daia  can  only  be  performed  upstream  by  a  powerful  soft 
ware  Consequently  component  design,  stress  analysts  and  the 
generation  of  manufacturable  geometry  data  must  be  Integra 
ted  into  a  combined  software  package 


3.  THE  INTEGRATED  TAPE  I.AYTNG 
SY.STEM  PROCESS 


department  to  evaluate  the  general  process  from  design  to  ma¬ 
nufacturing  based  on  the  geometry  of  the  aircraft.  This  base 
was  chosen  because  the  geometry  is  the  major  information 
which  has  an  origin  already  in  the  conceptual  design  and  which 
ends  with  the  manufactunng  of  the  aircraft  itself. 

More  details  about  this  global  process  are  explained  in  Ref.  5 
and  Ref  6.  However  the  3D-geometry  of  sheet  metal  parts  or 
milled  parts  is  relatively  easy  to  handle  because  only  the  outsi¬ 
de  geometry  information  is  needed  for  manufactunng  in  a  CIM- 
process.  The  amount  of  data  is  controllable  and  there  is  still  the 
the  possibility  to  do  some  minor  changes  on  the  shop  floor  level 
if  the  manufacturability  constraints  of  the  NC-machine  are  not 
properly  matched. 

This  is  different  for  composite  pans  made  out  of  the  raw  mate¬ 
rial  tape. 

The  geometry  data  for  each  individual  tape  path  and  its  cumngs 
have  to  be  generated  for  the  manufactunng.  For  instance,  the 
skin  structure  of  the  centre  fuselage  in  Fig.  1  is  made  out  of  ab¬ 
out  9000  single  tapes  with  start-  and  endcuts  and  some  of  them 
with  complex  side  cuts.  Within  the  ITLS-system  this  is  done 
usmg  splines  to  minimize  the  data  to  be  transferred. 

One  can  easily  recognize  that  with  this  complex  and  large 
amount  of  data  it  is  not  possible  to  change,  adapt  or  correct  in¬ 
teractively  any  data  afier  compleuon  of  the  design  phase  like  it 
is  done  with  milled  parts  Nil  data  where  only  the  "outside'  geo- 
mesy  "f  the  pan  is  needed  for  manufacturing. 

To  fulfil  all  the  u'.ar.uiacturing  constraints  (e  g.  steenng  radii, 
cut  angles,  minimum  tape  width  for  side  cuts.,,)  the  ornv  possi¬ 
ble  method  is  to  simulate  the  manufactunng  process  within  the 
design  process. 

This  is  done  by  starting  with  the  major  periphery  definition  for 
each  ply  family.  The  corresponding  implicit  peripheries  are  au¬ 
tomatically  generated  by  the  software  (see  Fig.  7). 

The  next  activity  is  to  set  up  the  so-called  laminate  matrix.  This 
matrix  defines  the  logical  buildup  of  the  laminate,  that  means 
how  to  position  the  individual  plies  of  the  different  ply  families 
within  the  thickness  of  the  laminate. 

To  accelerate  this  interactive  process  a  ruled  based  software 
module  IS  planned  in  future. 

.After  preparations  the  automaoc  simulation  process  is  staned 
ply  by  ply  (Fig  7|,  If  an  error  occurs  due  to  a  manufactunng 
constrain!  the  designer  instantly  has  lo  solve  the  probelm  by 
shifting  the  tapes  or  changing  the  starting  point. 

After  completing  this  design  the  whole  geometry  is  sent  by  a 
push  of  a  button  to  the  front  end  computer  of  the  tape  laying 
machine  ready  to  stan  the  manufactunng  process 
Additional  information  is  described  in  Ref  7  li  has  to  be  men¬ 
tioned  that  the  designer  has  to  decide  what  type  of  tape  laying 
head  he  wants  to  use  before  he  slans  the  pan  design.  This  me¬ 
thodology,  though,  returns  ihe  knowledge  of  nianufaclunng 
technology  to  the  designer,  which  is  noi  easy  to  accomplish  m 
large  companies  due  to  separation  of  prtvess  phases  by  organi 
sational  fences 


This  chapter  will  be  used  to  explain  the  influence  of  the  spe 
cific  manufactunng  technology,  such  as  Ihe  poor  desenbed 
tape  steenng  method,  on  the  upstream  pan  of  the  aircraft  dc 
sign  process 

In  1989  a  projeci  was  staned  by  the  MMB  aircraft  engmeenng 
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4.  THE  UTILIZATION  OF  TAPE  STEERING 
FOR  STRUCTURAL  OPTIMISATION 


4.1  ADAPTION  OF  STRUCTURAL  OPTIMI¬ 
SATION  FOR  TAPE  STEERING  BASED 
ON  FINITE  ELEMENT  GEOMETRY 

In  respect  to  composite  structure  optimisation  it  is  already 
standard  to  optimise  the  thickness  distribution  of  each  indivi¬ 
dual  layer  with  its  given  constant  fibre  orientation  across  the 
structure. 

For  a  couple  of  years  one  knows  that  there  exists  a  high  po¬ 
tential  in  weight  reduction  if  the  fiber  orientation  is  changed 
along  its  path  (Ref  8).  But  at  that  time  no  manufacturing  me¬ 
thod  to  be  able  to  achieve  this  in  production  was  known. 

The  tape  steering  method  was  originally  developed  to  be  able 
to  manufacture  non-developable  structure.  As  soon  as  this 
method  was  proven  in  the  manufacturing  department  the  opti¬ 
misation  software  .MBB-Lagrange  was  adapted  to  be  able  to 
handle  as  additional  design  variables  the  individual  fiber 
orientation  within  every  finite  element.  To  validate  the  func¬ 
tionality  of  the  modified  Lagrange  test  examples  have  been 
carried  out. 

One  of  these  is  illustrated  in  Fig.  8. 


In  this  example  a  cantilever  beam  which  is  supported  on  the 
lower  and  upper  left  end,  is  loaded  with  a  vertical  force  on 
the  nght  end  A  failure  cTitcna  for  each  composite  element 
and  a  displacement  restriction  at  the  force  loaded  node  are  the 
optimisation  constraints. 

Design  variables  are  the  thicknesses  of  each  element  repre¬ 
sented  by  the  density  of  the  lines  and  the  fiber  orientation  also 
within  each  element  represented  by  the  orientation  of  the  li¬ 
nes. 

The  opamiser  had  two  different  analysts  plies  to  handle  in 


this  case  for  minimizing  the  structural  weight  which  was  the 
objective  function. 

It  can  easily  be  seen  that  the  ply  no.  1  was  used  to  suppon  the 
upper  load  path  for  tension  and  the  lower  load  path  for  com¬ 
pression.  Ply  no.  2  was  automatically  used  to  suppon  the  shear 
stress  between  the  two  pathes.  Elements  out  of  the  load  paths 
had  been  set  to  zero  thickness. 

This  and  many  other  test  examples  proved  the  quality  of  the 
Lagrange  code  in  respect  to  the  handling  of  fiber  orientation  op¬ 
timisation. 

It  has  to  be  mentioned  that  the  system  at  this  stage  docs  not 
know  anything  about  manufacturing-constraints  coming  e.g, 
from  minimum  steering  radii.  Therefore  the  manufacturability 
still  has  to  be  proved  in  an  separate  simulation  process. 

One  of  the  first  real  aircraft  structures  which  was  used  to  apply 
fiber  orientation  opiimisadon  was  an  fin  structure  design  with 
carbon  fiber  skins  supported  by  an  aluminium  honeycomb  core. 
The  related  finite  element  model  is  shown  in  Fig.9. 


Fig.  9  Analysis  model  of  Ibe  fin 

The  model  has  five  static  load  cases,  1 19  stress  limitations  for 
the  isotropic  elements,  252  limiutions  for  the  failure  critena  of 
the  composite  elements,  an  aeroelastic  efficiency  constraint  for 
the  rudder  and  one  for  the  fin  and  finally  a  fiuner  speed  con¬ 
straint 

So  the  optimiser  had  to  handle  a  total  of  1 862  constraints  with 
1 86  design  variables. 

The  results  of  the  optimised  structure  are  shown  in  Fig  10 
It  is  important  to  repeat  that  these  are  the  results  of  the  optimi¬ 
sation  without  the  important  manufacturing  constraints  like 
minimum  steering  radii 

Nevertheless,  a  skin  weight  of  25.3  kg  was  achieved  by  using 
tape  sieenng  as  an  addiuonal  engineering  degree  of  freedom 
The  skin  weight  with  constant  fiber  onentation  across  the  struc¬ 
ture  for  each  ply  is  34.6  kg  as  a  comparison. 

At  the  time  when  this  paper  was  prepared  the  iteration  loop 
with  the  manufacturing  simulation  was  not  finished.  So  the  re¬ 
sult  outlines  the  maximum  potenual  for  this  case, 

A  close  look  at  the  result  of  ply  no.  2  shows  an  S-shape  fiber 
onentation  across  the  fin  By  searching  for  those  constraints 


Fig.  10  Optimisation  results  of  the  fin 


which  were  active  for  the  final  optimisation  iteration  it  was 
recognized  that  the  aeroelastic  efficiences  had  been  domi¬ 
nant. 

So  this  S-shapc  can  be  interpreted  as  the  optimal  stiffness  di¬ 
stribution  to  gain  the  aeroelastic  efficiencies  with  minimum 
weight. 

This  and  some  other  examples  showed  that  the  potential  to 
obtain  additional  high  weight  reductions  by  using  the  fiber 
orientation  optimisation  within  each  plies  are  highest  for 
structures  with  complex  constraints  coming  from  different 
physical  effects  like  aerodynamically  loaded  structures. 

A  simple  statically  loaded  structure  with  straight  load  paths 
will  not  gain  much  advantages  by  using  tape  ateenng. 

More  information  about  the  theory  specifically  in  the  optimi¬ 
sation  code  was  persented  recently  in  different  papers 
(Ref.9/10). 


4.2  THE  DETAILED  ITLS  PROCESS 

Fig.  11  shows  the  present  state  of  the  ITLS  process  including 
structural  optimisation 

This  process  begins  with  material  studies  and  stress  estimation 
for  evaluation  of  suuctural  pnnciples.  It  is  a  small  but  impor¬ 
tant  process. 

The  actual  pan  design  stans  in  most  cases  of  aircraft  structures 
with  the  definition  of  the  structuial  surface  out  of  the  loft  sur¬ 
face.  This  geometry  and  the  geometry  from  parallel  processes 
are  directly  transferred  to  the  C.AE-  side  to  generate  the 
.^-dimensional  finite  element  mesh 

After  adding  the  loads  and  completing  the  input  including  defi¬ 
nition  of  design  vanables  and  constraints  a  structural  optimisa¬ 
tion  is  earned  out. 
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Loft  geometry 


FICr.  II  Detailed  ITLS  design  process 
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Results  are  the  thickness  distribution  and  fiber  orientation  dis¬ 
tribution  for  each  defined  ply  across  the  whole  structure 
(Fig.  10).  The  area  limitations  from  the  thickness-distribution 
represent  the  major  ply  peripheries  and  are  transferred  by 
curves  on  surfaces  data  to  the  3D-CAD-system.  [n  addition,  a 
curve  which  represents  the  average  fibre  orientation  within 
each  major  ply  periphery  is  also  transferred. 

On  the  CAD-  side "  a  composite  designer  has  to  build  up  a 
laying  matrix,  which  represents  the  information  of  the  logical 
stacking  sequence  for  each  individual  layer  within  the  thick¬ 
ness  of  the  suncture.  With  the  incoming  major  ply  peripheries 
the  system  automatically  creates  all  implicit  ply  peripheries 
and  with  the  information  of  the  fiber  orientation  line  it  auto¬ 
matically  simulates  the  tape  laying  process  using  tape  steering 
for  avoiding  cutting  as  much  as  possible  (Fig.  7). 

This  process  takes  into  account  all  machine  restrictions  like 
steering  radii  and  cutting  limitations. 

As  the  optimisation  programme  has  not  implemented  these 
machine  restrictions  yet  it  is  evident  that  there  are  still  some 
iterations  necessary  to  obtain  the  optimal  manufacturable 
structure. 

For  an  accurate  finite  element  analysis  the  ITLS-system  reads 
in  the  FE-mesh,  projects  it  onto  the  structure  and  automatical¬ 
ly  calculates  the  properties  for  each  element. 

The  data  created  by  this  system  are  directly  usable  for  the 
shop  floor  NC-computer  at  the  tape  laying  machine  without 
any  human  interactions. 

It  must  be  mentioned  that  the  effort  for  the  first  design  loop  is 
compared  to  the  old  design  process,  relatively  high  because 
the  accurate  stacking  sequence  of  the  layers  is  taken  into  ac¬ 
count  from  the  beginning. 

The  overall  efficiencj  esults  by  minimizing  the  local  itera¬ 
tions  from  design  to  stress  and  by  avoiding  iteration  loops  co¬ 
ming  up  from  the  manufacturing  department. 

This  principle  of  avoiding  process  iterations  by  taking  care  of 
restrictions  from  downstream  right  in  time  is  one  of  the  basic 
philosophies  behind  the  ideas  of  "simultaneous  engineering". 
Only  with  the  performance  of  modem  computer  systems 
these  simulations  can  been  achieved. 

Typical  production  examples  showed  a  reduction  of  the  time 
from  design  to  manufacturing  up  to  80  percent. 


4J  ADAPTION  OF  STRUCTURAL  OPTIMI¬ 
SATION  FOR  TAPE  STEERING  BASED 
ON  A  CONSTRUCTIVE  DESIGN  MODEL 

After  first  use  in  production  of  the  prior  optimisation  code  in¬ 
cluding  the  ITLS  it  was  recognized  that  the  missing  manufac¬ 
turing  constraints,  like  tape  steering  constraints  and  ply  drop 
of  angles,  caused  unnecessary  iteration  loops  with  the  ITLS- 
simulation.  So  it  w  as  decided  to  switch  from  the  finite  ele¬ 
ment  based  geometry,  which  also  created  a  large  amount  of 
design  vanables  and  constraints  to  the  constructive  design 
model  (Ref  lOi. 

Constructive  design  models  have  the  following  advantages: 

optimisation  results  can  be  directly  utilized 

no  errors  in  the  results  by  transforming  finite  element 

propenies  into  a  constructive  layout 

manufacturing  and  constructive  constraints  can  be  for- 

mufated  mathematically  and  directly  considered  in  the 

optimisation 


higher  acceptance  of  the  opiimisauon  results  in  practice 
multidi.sciplinary  optimisation  with  different  analysis 
models  can  be  earned  out 

analysis  models  can  be  changed  in  die  optimisation  pro¬ 
cess,  e.g.  mesh  adaption  for  shape  optimisauon  or  mesh 
refinement  in  order  to  achieve  sufficient  analysis  accu¬ 
racy 

The  disadvantage  of  constructive  models  is  the  higher  code  pro¬ 
gramming  effort  necessary  for  practical  realization.  In  shape 
optimisation  these  models  are  already  usual. 

The  constructive  description  of  the  monolitic  skin  is  made  in 
such  a  way  that  all  single  plies  which  have  the  same  fiber  orien¬ 
tation  are  combined  in  one  ply  group.  Since  not  all  plies  of  this 
group  cover  the  total  surface  a  so  called  "ply  group  mountain" 
is  obtained  (Fig.  12).  Herewiih,  the  drop-off  angles  can  be  mo¬ 
delled  and  restricted  to  cenain  values  to  match  manufacturing 
rules  for  the  load  transfer  from  one  individual  ply  to  the  next 
ply. 

The  "ply  group  mountains"  were  mathematically  formulated 
using  Bezier  surfaces.  The  control  points  of  these  Bezier  surfa¬ 
ces  are  the  design  variables. 

The  equivalent  optimisation  results  of  the  cantilever  beam  (see 
Fig.  8)  are  shown  in  Figure  1 3.  The  course  directions  of  the  two 
analysis  plies  are  similar  but  smother  in  curvature  due  to  the 
now  integrated  tape  sieenng  constraints.  The  weight  reduction 
of  course  is  then  lower. 

At  present,  the  fin  from  Fig.  9  is  under  test  with  the  new  con¬ 
structive  model.  First  results  show  very  similar  fiber  orienu- 
tions  but  with  real  manufacturing  constraints  incorporated  (Ref. 
12). 

In  addition,  there  are  only  one  to  two  iteration  loops  to  the 
fTLS-simulation  necessary  to  match  all  the  other  manufacturing 
constraints,  like  cutting  restrictions  and  so  on. 

It  has  not  been  planned  to  integrate  this  remaining  manufactu¬ 
ring  t  nstraints  into  the  optimisation  code  in  the  future  because 
their  influcence  on  the  global  design  is  low  and  because  of  their 
high  number.  This  increasing  number  of  constraints  would  in¬ 
crease  the  optimisaDon  iterations  unnecessarily  due  to  the  far 
mote  complex  "design  space".  The  risk  of  getting  convergence 
problems  is  therefore  increasing . 


Fig.  13a  Thickness  distribution  for  straight  tape  courses 


Fig.  13b  Thickness  distribution  for  curved  tape  courses 
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Conclusion 

With  the  availability  of  the  tape  steering  technology  it  is  pos¬ 
sible  to  introduce  the  high  strength  to  weight  composite  mate¬ 
rial  to  nearly  all  structural  airframe  elements  (see  Fig.  14). 
This  was  achieved  with  the  break-through  idea  that  it  is  possi¬ 
ble  to  steer  a  tape  without  getting  a  loss  of  structural  quality. 
The  economic  aspects  are  secured  by  using  tape  matenal  in¬ 
stead  of  single  tows  to  optain  high  productivity  of  the  machi¬ 
ne. 

It  was  recognized  that  the  possibility  of  steering  a  tape 
opened  a  new  engineering  degree  of  freedom  with  a  very  high 
potential  of  weight  savings  for  aircraft  structures  with  physi¬ 
cally  different  constraints.  However,  this  only  can  be  attained 
by  the  use  of  mathematical  dnven  optimisation  codes.  To 
overcome  certain  problems  with  the  formulation  of  some 
manufacturing  constraints  it  was  important  to  introduce  a 
constructive  design  model. 


In  addition,  the  integrated  process  showed  up  a  remarkable  re- 
d'lciion  of  the  time  from  design  to  part  production.  This  was 
obtained  by  using  the  newest  tools  from  the  field  of  information 
technology  to  be  able  to  handle  the  complexity  and  size  of  the 
related  data. 

The  highly  integrated  process  also  returns  engineering  tasks, 
which  in  the  last  years  required  own  departments,  back  to  ihe 
designer.  The  necessity  of  taking  care  of  the  manufacturability 
will  positively  influence  the  creative  work  of  future  composite 
designers. 

Finally,  it  should  be  mentioned  that  the  success  of  the  manufac¬ 
turing  technology  related  process  integration  could  only  be 
achieved  by  a  very  strong  teamwork  between  the  engineenng 
and  manufactunng  departments. 

Such  a  teamwork  is  also  necessary  to  completely  introduce  the 
new  process  within  the  organisation  which  has  to  be  adapted  to 
It  to  get  the  maximum  efficiency  for  the  company. 
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RESUME 

Les  outils  de  calcul  utilises  d  Dassault 
Aviation  concernant  les  couches  limites 
larainaires,  les  critdres  de  transition  et 
les  analyses  de  stability  lindaire  sont 
passds  en  revue  et  discutds  en  terme  de 
precision  mais  aussi  d'efficacitd  lorsque 
ces  outils  doivent  etre  utilises  dans  un 
processus  d'optimisation  d'une  aile 
d'avion. 

Ces  outils  de  calcul  ont  etd  utilises  pour 
la  conception  d'une  ddrive  laminairs  testee 
en  vol  sur  FALCON  50  (1985-1987),  et  pour 
la  conception  d'une  aile  a  laminarite 
hybride  testee  en  vol  sur  FALCON  50  au 
cours  d'une  seconde  phase  (1987-1990). 

LI8TE  DES  8YMBOLES 

nombre  de  mach 
module  de  la  vitesse 
masse  volumique 
pression  statique 
coefficient  de  pression 
dcart  type  d'une  grandeur 
abscisse  mesurde  normalement  au 
bord  d'attaque  de  voilure 
abscisse  de  transition 
corde  de  la  voilure  normalement 
au  bord  d'attaque 
nombre  de  Reynolds  utilisd  pour 
la  contamination  de  bord 
d'attaque 

vitesse  parallele  au  bord 
d'attaque 

dpaisseur  caraetdristique  de 
CO’  che  1 imite  sur  un  bord 
d'attaque  q=Yv/<3u/dlc 
gradient  de  la  composante  de 
vitesse  normale  au  bord  d'attaque 
angle  de  fldche 
tempdrature  paridtale 
tenpdrature  athermane 
paramdtre  de  ;radient  de  pression 
de  Hartree 
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Des  industries  aeronautiques  francaises 
(Aerospatiale  et  Dassault  Aviation)  furent 
impliquees  dans  ce  programme  ainsi  que  des 
centres  de  recherches,  spdcialement 
1 •ONERA-CERT/DERAT. 

C'est  dans  ce  cadre  qu'ont  eu  lieu  les 
essais  en  vol  mends  par  Dassault  Aviation 
avec  le  FALCON  50  comma  demonstrateur. 

Ces  etudes  ont  dte  conduites  de  1985  a  1990 
en  dtroite  collaboration  avec  les  centres 
de  recherches  en  particulier  I'ONERA-CERT 
et  ont  permis  d'acquerir  un  grand  nombre  de 
donndes  concernant  la  laminarite  naturelle 
et  la  laminarite  hybride,  donndes  qui 
etaient  alors  inexistantes  en  France. 

Dans  le  cadre  des  technologies  de 
laminarite  passive  ou  active,  de  gros 
efforts  ont  done  ete  consentis  a  la  fois 
sur  le  plan  theorique  et  sur  le  plan 
experimental  (essais  en  souffLerie  et 
essais  en  vol) . 

Sur  le  plan  theorique  ces  efforts  ont  ete 
diriges  vers  la  prediction  de  la  transition 
des  couches  limite  laminaires 
tridimensionelles  compress ibles  avec 
transfert  de  chaleur  et  aspiration 
parietaux.  Ceci  implique  le  developpement 
de  methodes  de  calcul  de  couche  limite  tres 
precises  puisque  servant  de  support  aux 
calculs  de  stabilite  lineaire,  ainsi  que  le 
meilleur  choix  de  strategic  d' integration 
des  amplifications  pour  les  calculs  de 
stabilitd.  Ces  mdthodes  de  calcul  ont  ete 
validdes  par  I'ONERA-CERT  pa^*  comparaison  d 
de  nombreux  tests  en  souffletie. 


Sur  le  plan  experimental  nous  abordons  ici 
essentiellement  les  essais  en  vol  dont  le 
but  dtait  d'obtenir  des  donndes  pour: 

-  valider  et  amdliorer  les  outils 
numdriques  par  comparaison  aux  rdsul^-^ts  de 
vol 

-  ddmontrer  la  faisabilitd  du  concept  de 
laminaritd  en  conditions  de  vol. 


a..  INTRODUCTION 

En  1984  I'Etat  Prancais  a  initid  et  on 
partie  finaned  un  programme  de  recherches 
sur  la  laminaritd  intituld  : 
"Developpement  Technique  Probatoire  de 
Laminaritd". 


2,  PHENOMENEB  DE  TRANSITION 

in  rappelle  bridvement  les  differents  types 
de  transition  auxquels  on  doit  faire  face 
lorsque  I'on  ddsire  optimiser  la  laminaritd 
sur  une  voilure.  On  peut  les  classer  en 
deux  catdgories  selon  que  la  transition 
rdsulte  de  I'amplification  de  perturbations 


presented  at  an  A(IAHl)  Meeting  on  Recent  Ath^nves  in  Long  Range  and  I  i»ng  Lndurance  Operation  of  Ain  nift  '.  Ma\  /W.< 
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ue  tres  petite  amplitude  ou  de 
1 'amplification  de  perturbations 
d'amplitude  finie. 

Ces  differents  mode  de  transition  sont 
illustr6s  sur  la  figure  1. 


Fig.  1  Diff4rentes  types  d'instabilltis 
rancontrdas  sur  una  alia 


2.1  Amplification  de  perturbations  de 
falbla  amplitude 

-  Transition  induite  par  instabilites 
longitudinales  (ondes  de 
Tollmien-Schlichting) , essentiellement 
lorsque  I'ecoulement  est  a  forte  doroinante 
bidimensionelle 

•  Transition  induite  par  instabilites 
transversales, lorsque  I'ecoulement  a  une 
forte  dominante  tridimensionelle 

-  Transition  induite  par  instabilites  de 
Taylor-Gortler ,  lorsque  I'ecoulement  evolue 
sur  paroi  concave 

2.2  Amplification  de  perturbations 
d'amplitude  finie 

-  Transition  induite  par  rugosity  isolee 
tridimensionelle 

-  Transition  induite  par  contamination  de 
bord  d'attaque 

La  premiere  classe  de  ph^nom^nes  (2.1)  neut 
etre  trait^e  avec  succ6s  li  I'aide  de 
calculs  de  couche  limite  suivis  par  une 
analyse  de  stability  lindaire  (ref  1). 

La  seconde  classe  de  ph^nom^nes  (2.2)  ne 
peut  etre  traitde  par  une  analyse  de 
stability  lindaire  puisque  les 
perturbations  initiales  sont  trop 
importantes  pour  qu'un  processus  de 
llndarlsation  puisse  etre  appliqud.  L'outll 
numdrlque  addquat  sera  la  simulation 


numerique  directs  lorsqu'elle  en  sera  au 
stade  de  1 ' industrialisation .  En  attendant, 
les  seuls  outils  industriels  existants  sont 
les  criteres  semi  empiriques  comme  ceux  de 
Van  Driest  et  Blummer  (ref  2)  et  Pfenninger 
et  Poll  (ref  3,4). 


3.  ETAT  DE  L'ART  DBS  CODES  DE  CODCHE  LIMITE 
ET  DE  STABILITE  LIKEAIRE  CHEZ  DASSAULT 
AVIATIOH 

3.1  Codes  da  couche  limite 

Les  methodes  integrales  sont  tres 
populaires  et  tres  efficaces  pour  des 
calculs  de  couche  limite  lorsqu'on 
s'interesse  a  des  quantites  integrales 
comme  le  coefficient  de  frottement  parietal 
ou  les  epaisseurs  caracteristiques  ,et  sont 
largement  utilisees  dans  1' Industrie  a 
cause  de  leur  faible  cout  , ce  dernier  point 
etant  tres  interessant  lors  des  nombreuses 
boucles  d'optimisation  d'un  avion. 

En  revanche,  les  calculs  de  stability 
lineaire  necessitent  une  connaissance  tres 
precise  des  profils  de  vitesse  et  de 
temperature  de  couche  limite.  Pour  cette 
raison,  il  est  necessaire  de  resoudre  les 
equations  completes  de  couche  limite  et 
pour  les  etudes  de  transition  , nous 
utilisons  le  code  de  couche  limite  en 
volumes  finis  de  I'ONERA-CERT  dont  la 
description  est  faite  dans  la  reference  5. 


3.2  Code  de  stabilite  lineaire 

3.2.1  Calculs  "exacts"  de  stabilite 

Les  perturbations  de  vitesse  et  de  pression 
sont  supposees  de  la  forme: 

q'=q  (y )  *exp  (  i  (•(x^-^y-wt)  )  ou  q(y)  est  une 
function  amplitude  complexe. 

En  theorie  spatiale: 

w  est  reel  et  «<  sont  complexes 

le  nombre  d'onde 

et  le  vecteur  amplification  est 

En  theorie  temporelle: 

w  est  complexe  et  at  et  sont  reels 
le  nombre  d'onde  1?=(o<  , 

et  le  taux  d ' ampl i f ication  temporelle  est 
wi 

Ces  codes  de  stabilite  calculant  les  ondes 
les  plus  instables,  on  peut  definir  pour 
chacunes  d'elles  le  taux  d'amplif ication 
global  A/A' : 

A/A'=  exp  >^*<;dx  en  theorie  spatiale 
-t(,'est  remplace  par  wi/Vg  en  theorie 
temporelle  ou  Vg=  est  la  vitesse  de 

groupe  (ref  6) 

En  suivant  1 ' idee  de  Van  Ingen(  ref  7) 
etablie  pour  les  ecoulements 
bidimensionnels,  on  suppose  que  la 
transition  se  produit  lorsque  le  rapport 
A/A*  de  I'onde  la  plus  instable  atteint  une 
valeur  limite  e**,  avec  N  gdndralement 
compris  entre  7  et  10. 

L'extension  de  la  methode  du  e**  aux 
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ecoulements  tridimensionnels  n'est  pas  si 
aisee  et  un  des  problemes  est  d 'adopter  une 
strategic  coherente  de  maximisation  des 
taux  d'amplif ication  (  Arnal  et  al  ref  1, 
Laburthe  ref  8). 

Ces  types  de  calculs  consomment  du  temps 
humain  et  du  temps  calcul.  Par  exemple,un 
calcul  de  stabilite  liriaire  (pour  une 
analyse  de  10  frequences)  pour  30  profils 
de  couche  limite  le  long  d'une  ligne  de 
courant  sur  une  voilure,  consomme  3  heures 
CPU  sur  un  CRAV  XMP. 


Oe  plus,  les  procedures  d' initialisation  ne 
sont  pas  completement  automatiques  et 
demandent  une  habitude  et  un  savoir  faire 
de  la  part  de  1 'utilisateur . 

3.2.2  Base  de  donnees  de  stability 

Une  voie  prometteuse  pour  1 'utilisation  de 
calculs  de  stabilite  a  moindre  cout  est 
1 'elaboration  de  base  de  donnees  permettant 
un  gain  de  temps  d'un  facteur  1000. Cette 
base  de  donnees  repose  sur  la  methode  des 
paraboles,  a  I'origine  developp6e  par 
D.  Arnal  pour  des  conditions  de  paroi 
adiabatique  et  etendue  aux  cas  non 
adiabatiques  par  I'ONERA-CERT  et  Dassault 
Aviation  durant  le  projet  europeen  ELFIN 
(European  Laminar  Flow  INvestigation)  dans 
le  cadre  BRITE/EURAM. 

Cet  outil  permet  e.lors  de  calculer  tres 
rapidement  la  stabilite  de  couches  limites 
bidimensionelles  compressibles  (  0<M<1.3  ) 
avoc  transfert  de  chaleur  (  .8<Tp/Tf<l.l  ) 
pour  des  gradients  de  pression  ^ 
longitudinaux  quelconques. 

L'idee  de  la  methode  est  que  la  courbe  du 
taux  d'amplif ication  d'une  onde  de 
frequence  donnee  en  fonction  du  nombre  de 
Reynolds  ,  peut  etre  approxirade  par  deux 
demi-paraboles  (  figure  2  ) . 

Sur  la  figure  3  on  peut  voir  que  pour  des 
ecoulements  deceleres  (^=-0.121)  et  de 
basses  frequences  la  forme  de  la  courbe 
n'est  plus  une  demi-parabole  a  cause  de 
I'apparition  d'un  mode  inf lexionnel .  .a 
methode  a  done  ete  amelioree  afin  de 
modeliser  ces  modes  inf lexionnels . 


fig.  2  Amplification  local*  fonction  du 
Raynolda  pour  plu*l*ur*  frdquano**  rddult** 


_  line'  «tsu.T 

.  .  OKTA  ACSOIT 


Fig.  3  Amplification  locale  fonction  du 
Rfybolils  .  Comparaison  calcul  stabilite 
lineaire  exact  et  interpolation  dans  la 
base  de  donnees. 


Les  cas  de  calculs  constituent  la  base  de 
donnees  sont  les  suivants: 


Mach  :  0.0 

0.6 

0.9  1.1  1.3 

Tp/Tf:  0.8 

0.9 

1.0  1.1 

A  .-0.2 

0.1 

0.05  0.  -0.05 

-0.15 

-0. 

185 

Pour  ces  160  calculs  de  stabilite  lineaire 
"exacts"  nous  avens  stocke  t^us  les 
parametres  necessaires  a  la  description  des 
courbes  d ' ampl if ication . 

Pour  une  couche  limite  quelconque  soumise  a 
un  Mach  exterieur  donne,  a  un  transfert  de 
chaleur  donne  Tp/Tf  et  a  un  gradient 
longitudinal,  on  interpolle  dans  la  base  et 
on  accede  au  diagramme  de  stabilite  tres 
rapidement . 

Sur  les  figures  3  et  4  (  respectivement 
amplification  locale  et  amplification 
totale  fonctions  du  nombre  de  Reynolds  basa 
sur  I'epaisseur  de  deplaceraent)  on  presente 
les  courbes  de  stabilite  calculees  pour 
Mach=0.4  Tp/Tf=0.95  ^  =-0.121  , 

par  la  methode  base  de  donnees  interpollee 
et  par  le  calcul  exact. 

L'accord  est  satisfaisant  et  les  courbes 
enveloppes  (figure  4)  utilisdes  pour  ^ 
predire  la  transition  par  la  methode  du  e 
donnent  des  r6sultats  tr6s  semblables. 

Signalons  enfin  que  dans  le  cadre  de  la 
seconde  phase  du  pro jet  europeen  ELFIN, 
Dassault  Aviation  va  collaborer  a 
1 ' etabl issement  d'une  base  de  donnees 
semblable  mais  6tendue  aux  ecoulements 
tridimensionnels . 


3.3  PrAdictlon  d*  la  transition 

Comroe  nous  I'avons  d6jA  mentionn6,au  cours 
d'une  boucle  d'optimisation  d'une  aile 
,nous  avons  besoin  d'outils  efficaces  et 
rapides  pour  la  prediction  de  la 
transition. 
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Fig.  4  Amplification  totala  fonction  du 
Reynolds  et  de  la  frequence.  Comparaison 
calcul  de  stabilite  lineaire  exact  et 
interpolation  dans  la  base  de  donnees. 


Comme  nous  I'avons  dit  au  paragraphe  ^ 
precedant, 1 'extension  de  la  methode  du  e" 
aux  ecouler.ents  tridiTnensionnels  conduit  a 
des  problemes  fondamentaux  tou jours  a 
1 ' etude . 

C'est  pour  ces  raisons  que  dans  un  contexts 
industriel  nous  continuous  d'utiliser  des 
critferes  de  transition  analytiques. 

Pour  la  transition  induite  par  instabilites 
longitudinales  nous  utilisons  le  critere 
classique  de  Granville  ou  la  methode  des 
paraboles. 

Pour  la  transition  induite  par  instabilites 
transversales  nous  utilisons  deux  criteres 
Cl  et  C2  developpes  par  I'ONERA-CERT  (ref 
9)  . 


Fig.  5  Critere  transversal  Cl 


Fig.  6  Critere  transversal  C2 


-critere  Cl  :  c'est  une  correlation  entre 
Ri2  (nombre  de  Reynolds  bas^  sur 
I'^paisseur  de  deplaceraent  transverse)  et 
le  paramfetre  de  forihe  longitudinal  H12 
(figure  5) . L'hypothese  sous-jacente  est  que 
la  direction  d' instability  maximale  est  la 
direction  transverse  (psi=90’) 

-critfere  C2  :  ce  critere  es  fondy  sur  le 
fait  que  la  direction  psl  de  plus  grande 
instability  n'est  pas  90*  nais  psimin 
(autour  de  85‘).  C'est  u.^e  corryiation 
entre  RSlpsimin  (pour  psi=C  i"lpsi=  Si, 
pour  psi=90’  i'lpsi=f2)  ,  H12  et  le  taux  de 
turbulence  i  I'infini  amont  Tu  (figure  6). 
Cette  corryiation  est  basye  sur  des  calculs 
de  stability  linyaire  mends  pour  un  grand 
nombre  de  profils  de  couche  limite  projetds 
selon  plusieurs  directions  psi  selon 
I'hypothdse  de  Stuart  (ref  8,10). 

Ce  critdre  est  plus  rdaliste  que  le  critdre 
Cl  puisqu'il  prend  en  compte  le  taux  de 
turbulence  extyrieure  et  surtout  la 
direction  d' amplification  maximum  des  ondes 
les  plus  instables. 

Pour  la  contamination  de  bord  d'attaque 
nous  utilisons  le  crltdre  de  Poll  (ref  4) 
basy  sur  une  valeur  limite  d'un  nombre  de 


Reynolds'^  calcuiy  sur  la  ligne  de 
glissement  d'une  aile  en  fleche  a  I'aide  ae 
la  Vitesse  le  long  de  cette  ligne  et  du 
gradient  de  vitesse  normalemen_^  au  bord 
d'attaque. La  valeur  limite  de  "r  au  dessus 
de  laquelle  il  y  a  contamination  est 
voisine  de  250. 


3.4  Validation  des  criteres  de  transition 
en  soufflerie 

Sur  les  figures  7b  et  7c  on  montre  des 
positions  de  transition  calculeyes  et 
mesuryes  expyrimentalement  sur  une  aile  en 
fiyche  pour  differents  nombre  de 
Reynolds , dans  la  soufflerie  F2  au  Fauga.Ces 
rysultats  ont  yty  obtenus  par  Arnal  et 
Juillen  (ref.  1).  La  rdpartition  de  vitesse 
est  montrye  sur  la  figure  7a. 

Sur  la  figure  7b  on  constate  que  les 
crityres  Cl  ou  C2  sont  bien  adaptys  pour 
les  plus  grands  nombres  de  Reynolds, pour 
lesquels  les  instabilitys  longitudinales  et 
transversales  sont  bien  distinctes  et  od  il 
est  lygitime  de  calculer  syparyment 


1 'amplification  totals  des  deux  types 
d' instabilites. 

Mais  lorsque  les  deux  types  d' instabilites 
coexistent  et  interagissent  1' application 
de  criteres  distincts  conduit  a  des 
desaccords  avec  1 'experience.  Dans  ce 
cas,les  calculs  de  stability  lineaire 
peuvent  aider  a  comprendre  les  raisons  de 
ces  desaccords  et  des  resultats  obtenus  par 
la  methode  du  e**  en  integrant  le  taux 
d'amplif ication  locale  dans  la  direction  de 
plus  grande  instabilite,  montrent  un  tres 
bon  accord  avec  la  soufflerie  (  figure  7c) . 


Fig.  7a  Distribution  de  vitesse  sur  le 
profil  (cas  (49,-2)) 


_  Laainar  colcutaNons 

•  Ciptriawiti 


Fig.  7b  Position  de  la  transition 
(criteres  Cl  et  C2) 


o  Cip<r:ainfs 


Fig.  7a  Position  de  la  transition 
(ndthode  du  ) 


Fig.  8  FALCON  50 


4.  OBJECTIFS  DES  ESSAIS  EN  VOL 

Les  experimentations  ont  ete  menees  sur  le 
FALCON  50  qui  fut  choisi  comme  avion  de 
demonstration  (figure  8) ;elles  se  sont 
deroulees  en  2  phases  principales  d'essais 
en  vol  suivies  d'une  phase  de  validation  de 
la  soufflerie  recreant  les  conditions  de 
vol.  Ces  experimentations  ont  ete  choisies 
de  maniere  a  couvrir  les  conditions  de  vol 
(Mach , Reynolds , angles  de  flechs),et  a 
acquerir  les  donnees  necessaires  a  la 
conception  d'un  future  aile  laminaire  pour 
avion  d'affaires  (figure  9). 


-  La  phase  I  (1985-1987)  avait  comme 
objectifs  de  montrer  qu'il  dtait  possible 
de  faire  fonctionner  en  vol  une  section  de 
voilure  en  LAMINARITE  NATURELLE  ,  et 
d'acquerir  des  donnees  en  vue  de  determiner 
les  limites  de  ce  concept.  Les  essais  ont 
ete  menes  sur  un  profil  d'aile  optimise  en 
vue  de  supporter  une  zone  d'ecoulement 
laminaire  etendue  ,  et  de  mettre  en  jeu 
principaleraent  les  instabilites 
longitudinales  pour  une  fleche  de  25  degres 
et  les  instabilites  transversales  pour  une 
fleche  de  35  degres. 


mai  1  I  LMuiMtn  nTniuji 
rucn  Di  MHO  O'MTiiQn  «  !•/>> 


Fig.  9  Objeotlft  d«s  pbaaaa  I  at  II 
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-  La  phase  II  (1987-1990)  fut  beaucoup 
plus  ambltieuse  puisque  ses  objectifs 
6taient  de  ddmontrer  la  faisabilitd  du 
concept  de  LAMINARITE  HYBRIDE  avec  Ui< 
systdne  de  nettoyage  et  de  ddgivrage  de 
bord  d'attaque  d'une  alle  dont  le  rayon  et 
1' angle  de  fldche  du  bord  d'attaque 
ndcessltalent  le  ddveloppement  d'un  syst^ne 
anti  contamination  et  d'un  syst^me 
d' aspiration. 


MATORBLLB 

5.1  Installations  et  aoyens  d'essais 

L'dldment  de  voilure  testd,  de  1.80  m 
d'envergure,  1  m  de  corde  d'emplanture  et 
0.70  m  de  corde  d'extrdmite  ,  a  ete  monte 
sur  la  partie  supdrieure  de  la  derive 
tronqu6e  de  1' avion  (figure  10),  une  plaque 
de  garde  horizontale  s4parant  les  deux 
ecoulements . 

L' angle  de  fleche  nominale  etait  de  25 
degr6s  avec  possibllite  de  passer  ii  35 
degres  par  adjonction  d'une  cale.  Le  modele 
teste  etait  composd  d'une  structure 
m6tallique  recouverte  d'une  couche  de 
resine  de  3  nun  d'dpaisseur.  La  variation  de 
portance  de  l'616raent  de  voilure  etait 
obtenue  p^.r  variation  du  derapage  de 
1 'avion. 

Ce  montage  iriginal,  bien  que  plus  ddlicat 
a  realiser,  a  ete  prefer^  h  la  solution  du 
manchon  utilise  dans  d'autres  programmes, 
afin  de  minimissr  les  interactions  avec  le 
champ  a6rodynamique  de  1' avion  mais  aussi 
pour  reorder  un  ecoulement  amont  aussi 
proche  que  possible  de  I'dcoulement  i 
I'inf.ni  amont  (  principalement  en  termes 
de  fluctuations  de  pression  et  de  vitesse) . 

Les  conditions  de  vol  ont  ete  choisies  de 
raanidre  6  couvrir  une  gamme  de  nombre  de 
Mach  de  0.5  i  0.85  et  de  nombre  de  Reynolds 
de  3.7  E+06  a  7.0  E+06  pour  des 
coefficients  de  portance  CL  variant  de 
-0.10  h  +0.50. 


5.2  Instrumentation 

L' instrumentation  (figure  11)  a  ete  ddfinie 
de  maniere  a  obtenir  des  mesures  des 
diffdrents  paramdtres  de  I'dcoulement  qui 
sont  respect ivement: 

(a)  la  position  et  I'etendue  de  la 
transition  mesurde  en  temps  rdel  h  I'aide 
de: 

-  22  films  chauds  compensds  en 

tempdrature  et  situds  d  I'extrados 
et  d  I'intrados;  ces  films  apr^s 
calibration  permettent  d'autrepart 
d'obtenir  les  coefficients  de 
frottement. 


2  cameras  infra-rouge  installdes 
dans  des  pods  a  chaque  extremitd  de 
1' empennage  horizontal. 


rig.  10  Demonstrateur  pour  Atudes  de 
lamlnarltd  naturalle  (Phase  I) 


Fig.  11  Instrumentation  de  la  phase  I 


(b)  la  turbulence  et  le  bruit  a  I'aide  de  : 

-  un  capteur  (STU)  mesurant  le  niveau 
de  fluctuations  de  vitesse  de 

1 ' dcoulement  amont 

-  un  capteur  de  pression 
instationnaire  (SEP)  mesurant  les 
fluctuations  de  pression 

Ces  capteurs  sont  situds  de  part  et 
d' autre  de  la  plaque  de  garde. 

(c)  la  trainde  du  profil  de  voilure  par 
mesure  du  sillage  d  I'aide  d'un  peigne 
de  sillage  comportant  44  prises  de 
pression  totale  et  une  prise  de 
pression  statique. 

(d)  la  tempdra+urp  de  paroi  d  I'aide  de  2 
thermocouples  situds  au  dcssus  de  la 
plaque  de  garde. 
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(e)  la  distribution  de  Cp  et  la 

determination  de  la  portance  generee 
par  le  derapage  de  I'avion  ,a  I'aide 
d'une  rangee  de  26  prises  de  pression 
statique  situee  aux  2/3  de  i'envergure. 


5.3  Essais  en  vol 

Les  essais  en  vol  effectues  pour  les  2 
angles  de  fleche  (25  et  35  degres)  et  pour 
une  transition  naturelle  et  imposes  ont 
permis  : 


t 


o.s 


Z(M): 

JftdoO  • 


19000 


4* '00 
a 
o 

le^ioo 
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(a)  de  verifier  le  bon  fonctionnement  de 
1 ' instrumentation 


Vol  484 
•  Vol  489 


3,70 


0.75  0.80 


(b)  de  montrer  qu'il  etait  possible 
d'obtenir  une  zone  laminaire 
etendue.La  figure  12  raontre  un  exemple 
de  visualisation  obtenue  par  camera 
infra-rouge  mettant  en  evidence: 

-  une  zone  laminaire  s'etendant  sur 
environ  70%  de  corde 

-  une  transition  induite  par 

1 ' installation  des  liims  chauds 

-  une  transition  en  extremite  de 
voilure,  due  a  la  forte 
tridimensionnalite  de  I'ecoulement 


(Pu)'  •/. 
(P‘U' 


0,80 


(c)  et  bien  sur  d'acquerir  tous  les 
parametres  necessaires  a 
1 'exploitation  des  resultats. 


Pig.  13  Mesures  des  fluctuations  de 
pression  et  de  vitesse 


Ces  resultats  sont  a  comparer  a  ceux 
obtenus  dans  des  souffleries  de  tres  bonne 
qualite  montrant  des  niveaux  de  turbulence 
de  0.1%  et  des  niveaux  de  fluctuations  ae 
pression  de  0.3%.  On  observe  que  bien  que 
les  niveaux  de  fluctuations  de  vitesse  de 
vol  soient  637  fois  plus  faibles  que  ceux 
obtenus  en  soufflerie,  les  niveaux  de 
fluctuations  de  pression  sont  semblables. 


5.4.2  Comparaison  calcul/vol  de  la 
position  de  la  transition 

Un  des  premiers  objectifs  de  ces  essais  en 
vol  etait  d'obtenir  des  resultats 
exper imeiitaux  destines  a  verifier  la 
validite  des  criteres. 


Pig.  12  Image  obtenue  par  camera 
infra-rouge 


5.4  Principaux  resultats 

5.4.1  Mesures  de  bruit  et  de  turbulence 

L' analyse  des  signaux  des  sondes  STU  et  SFP 
a  permis  d'acqu6rir  les  quantit^s 
p7/(0.5fin  et  (fU)'/ffiT5  .  La  figure  13 
relative  aux  vols  484  et  489  raontre: 

-  qu'il  n'y  a  pas  d'influence 
significative  de  1 'altitude  ou  du 
nombre  de  Mach  sur  les  resultats 

-  que  les  niveaux  de  turbulence  varient 
entre  0.01*  <?t  0.02%  alors  que  les 
niveaux  de  fluctuations  de  pression 
varient  de  0.20%  a  0.45%. 


Etant  donne  que  1 'analyse  des  films  chauds 
permet  de  deceler  la  position  de  la 
transition  (plus  exactement  le  milieu  de  la 
zone  transitionnelle) ,  il  etait  interessant 
de  comparer  ces  resultats  a  ceux  obtenus 
par  calcul  utilisant  les  criteres 
semi-empiriques  Cl  et  C2  prdsentds  au 
paraqraphe  3.3. 

Sur  la  figure  14  on  compare  les  positions 
experimentales  de  transition  obtenues  pour 
diffdrents  nombre  de  Reynolds  a  celles 
obtenues  par  application  des  criteres  Cl  et 
C2  pour  les  diffdrents  niveaux  de 
turbulence  mesures.  On  constate  que: 

(a)  Cl  est  en  bon  accord  avec  le  vol  si 

I'on  considare  que  le  critt’-"  lo 

debut  de  la  zone  de  transition  et  non 
pas  son  milieu  cemme  I'indiquent  les 
films  chauds 
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(b)  C2  ,meme  avec  le  plus  fort  niveau  de 
turbulence  de  vol,  predit  une 
transition  trop  tardive. 

On  a  alors  recherche  le  niveau  de 
turbulence  qu'il  faudrait  prendre  en  compte 
dans  le  critere  C2  pour  retrouver  les 
positions  de  transition  de  vol.  Les 
resultats  ont  alors  montre  qu'  en  vol  le 
parametre  essential  gouvernant 
I'instabilite  ne  serait  pas  les 
fluctuations  de  vitesse  raais  les 
fluctuations  de  pression. 

I  VOL 


....  DECOLLEMENT  LAMINAIRE 


Fig*  14  Correlation  de  la  position  de  la 
transition 


5.5  Conclusions  de  la  phase  I 

Ces  essais  en  vol  ont  pennis  d'acquerir  une 
certaine  quantity  de  donndes  non 
disponibles  en  France  A  I'dpoque, 
concernant  le  ph^nom^ne  de  transition  en 
vol  et  les  differents  paran^tres  qui  la 
gouvernent,  plus  partlcullhrenent  les 
niveaux  de  turbulence  anont  et  de 
fluctuations  de  pression. 

Ils  ont  aussi  pennis  de  valider  le  critfere 
Cl  concernant  la  position  de  la  transition. 

L'utilisation  du  critfere  C2  et  le  niveau  de 
turbulence  4  appliquer  pour  corr41er  la 
position  de  la  transition  ont  mis  en 
lumi4re  1' importance  croissante  du  niveau 
de  fluctuation  de  pression  lorsque  le 
niveau  de  turbulence  ddcrolt. 


6.  PHASE  II;  DEMONSTRATION  DE  LA  LAMINARITE 
HYBRIDE 

6.1  Installation  et  moyens  d'essais 

En  1987  ,  les  resultats  de  la  phase  I  ont 
montre  qu'il  etait  possible  de  calculer  et 
de  faire  voler  une  section  de  voilure  en 
dcoulement  laminaire  naturellement,  pulsque 
les  criteres  de  transition  ont  ete  blen 
correles  et  que  les  essais  ont  permis 
d'acquerir  la  connaissance  necessaire  4 
leur  amelioration. 

Le  but  de  la  phase  II  etait  de  d^montrer  la 
possibilite  d'obtenir  un  ecoulement 
laminaire  sur  une  aile  de  forte  fleche  (35‘ 
de  fleche  de  bord  d'attaque)  pour  des 
Reynolds  de  vol  allant  de  12  E+06  4 
20  E+06  ,  en  controlant  I'instabilite 
transverse  par  aspiration  de  couche  limite 
4  travers  une  paroi  poreuse  sur  10%  de 
corde  4  I'extrados.  Le  but  etait  de 
maintenir  1' ecoulement  laminaire  sur 
environ  30%  de  corde.  Cette  etude  a  etd 
realisee  sur  la  partie  interne  de  I'aile  du 
FALCON  50  (figure  15). 


Fig.  15  Installation  pour  la  demonstration 
da  laminarite  hybrids 


C'est  une  zone  ou  les  forts  effets 
triaimensionnels  4  I'emplanture  ,  la 
fl4che,  et  les  Reynolds  de  vol  ont  demandd 
success ivement : 

-  1 'optimisation  d'une  nouvelle  voilure 
d'emplanture  en  modlfiant  les  profils 
jusqu'4  environ  65%  de  corde, 

-  le  ddveloppement  d'un  systdme 

d' aspiration  incorporant  la  systems  da 
ddgivraga  et  de  net+oyaga  de  bord 
d'attaque, 


-  le  devaloppement  d'un  aystena  capabla 
d'dvltar  la  contamination  de  bord 
d'attaque. 


6.1.1  Conception  du  bord  d'attaque  et  du 
syst^me  d' aspiration 

Le  bord  d'attaque  laminaire  (  figure  16) 
optimise  a  ete  rajout^  sur  le  profil 
initial,  le  raccord  se  faisant  a  I'aide  de 
r6sine.  L'extrados  du  bord  d'attaque 
consistait  en  une  plaque  TKS  perforce  au 
laser.  L'aspiration  se  faisait  a  travers  6 
canaux  relics  i  une  trompe  d' aspiration. 
Deux  panneaux  TKS  de  d^givrage  situes  sur 
la  ligne  de  glissement  permettaient 
d'appliquer  un  liquide  MPG  (Monopropylfene 
Glycol)  sur  le  bord  d'attaque. 


Pig.  16  Conception  du  bord  d'attaque 


6.1.2  Definition  et  optimisation  du  "bump" 
de  bord  d'attaque.  Essais  en  soufflerie 

Avant  de  realiser  un  ecoulement  laminaire 
hybride  capable  de  minimiser  1 ' instability 
transversals  sur  une  aile  en  fleche,  il  est 
imperatif  de  verifier  que  la  turbulence 
gcneree  par  les  couches  limites  de  fuselage 
et  convectee  le  long  de  la  ligne  de 
glissement,  est  suffisamment  amortie  pour 
eviter  la  contamination  de  tout  le  bord 
d'attaque.  Pour  un  ecoulement 
incompressible  la  prediction  de  la 
contamination  est  basee  sur  la  valeur  du 
nombre  de  Reynolds  decrit  au  paragraphs 
3.3. 


Les  calculs  menes  sur  le  nouveau  profil 
d'aile  optimise  avaient  montre  que  la 
contamination  se  produirait  sur  touts  la 
partie  interne  de  I'aile  pour  des  Reynolds 
unitaires  supexxtsur.:  n  4  E-t-06  ,c'est  A  dire 
pour  tous  les  points  de  vcl  envisages. 

Afin  de  combattre  ce  phenomene  , 

1 'optimisation  thdorique  d'un  systems 
appeie  "bump"  a  ete  realises  par  des 
calculs  tridimensionnels.  Des  essais  sur 
une  maquette  simplifies  ontete  menes  dans 
la  soufflerie  T2  de  I'ONERA-CERT  poux 
piusieurs  configurations  de  maniere  A 
valider  les  performances  predites. 

La  figure  17a  montre  la  maquette  soufflerie 
equippee  de  4  films  chauds  sur  le  bord 
d'attaque  afin  de  qualifier  la  nature  de 
1 'ecoulement  sur  la  ligne  de  glissement. 


Fig.  17a  Maquette  pour  les  essais  en 
soufflerie  a  T2 


La  figure  17b  montre  les  resultats 
obtenus, representant  le  niveau  de 
turbulence  derriere  le  bump  (film  chaud 
FC2)  en  fonction  du  Reynolds  T’  .  On  peut 
constater  que: 

-  sans  bump,  on  retrouve_la  valeur 
critique  classique  de  R=250, 

-  les  bumps  numero  1  et  2  apportent  un 
gain  substanMel  en  repoussant  la 
limite  vers  R=300 

La  configuration  numero  3  (  bump  numero  1 
un  peu  plus  eloigne  de  la  paroi)  ameiiore 
encore  les  resultats  puisque  son 
fonctionnement  reste  correct  jusqu'a^ 
Reynolds  R  maxi  teste,  c'est  a  dire  ”=320. 

Le  bump  numero  1  fut  done  fabrique  et 
instalie  sur  I'avion  (  figure  18). 


lao  200  2  20  240  260  280  300  3  20 


Fig.  17b  Resultats  d'essais  de  soufflerie 
du  bump 


I 
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Fig.  18  Bump  installe  sur  avion 


6.2  Instrumentation 

L' instrumentation  utilisee  (  figure  19) 
durant  cette  phase  II  consistait  en: 

-  3  rangees  de  capteurs  de  pression 
statique  pour  mesurer  la  distribution 
de  Cp  pres  du  bord  d'attaque 


rig.  19  Instrumentation  de  la  phase  zx 


-  3  rangees  de  12  films  chauds  pour 
detecter  la  position  de  la  transition 
et  installes  derriere  la  zone  aspiree 
dans  la  partie  en  resine 

-  une  serie  de  14  films  chauds  a 
I'extrados  et  de  14  autres  films 
chauds  a  1 ' intrados  de  part  et 
d'autre  de  la  ligne  de  glissement, 
installes  sur  des  feuilles  de  "Kapton” 
collees  sur  le  bord  d'attaque.  Cette 
instrumentation  qui  cachait  en  partie 
la  zone  d'aspiration  n'^tait  montee  que 
pour  les  essais  de  contamination  de 
bord  d'attaque  et  etait  enlevee  pour 
les  essais  en  vol  avec  controls  de 
couche  limits  par  aspiration. 

-  un  pod  pouvant  abriter  soit  une  camera 
infra-rouge  pour  visualiser  les 
transitions,  soit  une  camera  video  pour 
controler  I'efficacite  des  systemes  de 
degivrage  et  de  nettoyage  de  bord 

d "attaque 

-  2  capteurs  de  mesure  de  turbulence 
amont  installes  sur  le  pod  en  position 
haute  et  basse,  et  1  capteur  de  mesure 
de  fluctuation  de  pression  amont 

-  0  velocimetres  “Testovent"  pour 
mesurer  le  taux  d'aspiration  dans 
chaque  canal,  ainsi  que  des  capteurs  de 
pression  statique  tout  le  long  du 
systems  d'aspiration 


6.3  Essais  en  vol 

Les  essais  en  vol  de  cette  phase  se  sont 
deroules  en  2  etapes  bien  distinctes: 

(a)  sans  bump 

Une  premiere  serie  de  vols  a  ete  effectuee 
de  fagon  a: 

-  valider  le  systems  TKS  de  nettoyage  et 
de  degivrage  de  bord  d'attaque.  De  plus 
ces  tests  ont  permis  de  confirmer  la 
position  de  la  ligne  de  glissement 
selon  1' incidence  afin  de  positionner 
correcteraent  les  films  chauds  pour  les 
tests  de  contamination 

-  mettre  en  Evidence  la  contamination  de 
bord  d'attaque  pour  differentes 
conditions  de  vol 

-  mettre  en  evidence  les  effets  du  taux 
d'aspiration  dans  ces  conditions 

(b)  avao  bump 

Ces  vols  ont  effectu^s  afin  de 
determiner  les  differents  parametres 
influengant  I'etendue  de  la  zone  laminaire: 

-  eCfet  du  bump  sur  la  decontamination 

-  effet  de  1' angle  de  fieche  du  bord 
d'attaque  (  par  variation  de  1 'angle  de 
derapage  de  1 'avion) 

-  effet  du  taux  d'aspiration  et  de  sa 
distribution  dans  les  canaux  186 
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6.4  Principaux  r^sultats  de  la  phase  II 

(.a)  Nettoyage  du  bord  d'attaque 

Les  vols  effectues  a  basse  altitude  ont 
demontre  I'efficacite  du  systeme  TKS  et  du 
liqui ie  utilise,  puisgue  qu'apres  vol  on 
comptait  600  insectes/in2  sur  le  bord 
d'attaque  gauche  non  traite  alors  qu'on  ne 
notait  aucun  probleme  de  pollution  sur  le 
bord  d'attaque  droit. 

(b)  Contamination  de  bord  d'attaque: 
effet  du  bump 

Aprfes  analyse  des  enregistrements  des  films 
chauds  de  bord  d'attaque  et  d'extrados,  les 
vols  effectues  sans  bump  ont  montr6  que 
toute  I'aile  etait  contaminee.  Les  vols 
effectues  pour  differents  angle  de  fleche 
jdifferents  derapages)  et  differents  norabre 
de  Reynolds  ont  permis  de  quantifier 
I'etendue  et  la  variation  de  la  zone 
contaminee  et  de  correler  les  calculs.  Dans 
le  cas  le  plus  favorable  ,  une  petite  zone 
intermittente  fut  observee  en  extremite  de 
manchon  (figure  20a  ). 

Ces  essais  furent  alors  repetes  avec  le 
meme  taux  d'aspiration,  mais  avec  un  bump 
situe  a  150  mm  puis  300  mm  de  I'emplanture 
(figures  20b  et  20c) .  Un  net  progres  fut 
constate  par  rapport  aux  essais  precedents, 
puisque  tous  les  films  chauds  delivraient 
un  signal  intermittent  jusqu'A  25%  de  corde 
avec  le  bump  a  150  mm.  La  configuration 
avec  bump  a  300  mm  permit  de  faire 
apparaitre  une  zone  laminaire. 


(c)  Effet  du  taux  d'aspiration  et  de 
I'angle  de  fleche 

Les  effets  du  taux  d'aspiration(  c'est  a 
dire  de  sa  distribution  et  de  son 
intensity),  et  les  effets  de  I'angle  de 
fleche  (  5”  de  derapage  pour  passer  de  35 ‘ 
de  fleche  a  30”)  furent  etudies  en  detail 
pour  differents  Reynolds  de  ""I. 

-  sans  aspiration,  avec  ou  sans  derapage, 
tous  les  films  chauds  delivrerent  un  signal 
turbulent  (  figure  21a  ) 

-  pour  un  taux  d'aspiration  raisonnable 
(c'est  a  dire  insignifiant  dans  le  bilan 

energetique)  et  sans  derapage  ,1a  zone 
laminaire  s'etendait  jusqu'a  25%  de  corde 
{figure  21b  )  .  Elle  s'etendait  jusqu'a 
presque  30%  de  corde  (figure  21c  )  lorsque 
la  fleche  de  bord  d'attaque  fut  reduite  a 
30"  . 


6.5  Conclusions  de  la  phase  II 

Ces  series  d' essais  en  vol  ont  permis: 

-  de  developper  un  certain  nombre  de 
technologies,  specialement  le  systeme 
d'aspiration  qui  peut  etre  directement 
installe  sur  avion,  et  le  precede 
congu  pour  eviter  la  contamination 
turbulente  sur  le  bord  d'attaque 
d'ailes  en  fleche.  Ils  ont  aussi 
permis  de  determiner  les  differents 
parametres  pouvant  affecter  les 
performances  de  ces  systemes. 


AVEC  ASPIRATION  ET  ANGLE  DE  FLECBE=  35’ 


a)  SANS  BUMP 


INTERMITTENT 


k  ISOmm  DE  L'EMPLANTDRE 


C)  AVEC  BUMP  : 

k  300mm  de  L'EMPLANTDRE 


Fig.  20  Effet  du  bump  sur  l'4tendue  de  la 
sone  laminaire 


I 
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BOMP  A  aOOBB  DE  L'EMPLAMTORE 


[  [  LAMINAIRE 


a)  SANS  ASPIRATION 
ANGLE  DE  FLECHEs  35* 


INTERMITTENT 


b)  AVBC  ASPIRATION 
angle  DE  PLECHE=  35* 


C)  AVEC  ASPIRATION 
ANGLE  DE  FLECHE=  30* 


Fig.  21  Ettet  de  1 'aspiration  at  de 
1' angle  da  fleche 


-  de  montrer  qua  le  debit  d'aspiration 
necessaire  a  une  laminarite  hybride 
sur  une  portion  d'aile  de  FALCON  50 
etait  relativement  faible  et  de  polds 
negligeable  dans  le  bilan  ^nerg^tique. 


7.  PERSPECTIVES 

7.1  Concarnant  la  prediction  da  la 
transition 

GrSice  au  processus  de  croissance  lineaire 
qui  generaleinent  domine  sur  une  distance 
relativement  importante  avant  le  debut  de 
transition,  I'application  de  la  methode  du 
e**  en  conjonction  avec  des  calculs  de 
couches  liraites  tridimensionnelles  donne 
des  estimations  de  transition  qui  sont 
d'une  grande  importance  pour  des 
applications  pratiques. 

Mais  lorsque  lorsque  le  processus 
d'instabilite  n'est  plus  lent  et  est 
essentiellement  non  lineaire,  il  faut 
continuer  de  rechercher  expdrimentalement 
et  thdoriquement  les  chemins  vers  la 
turbulence  . 

Comma  le  soulignent  Morkovin  et  Reshotko 
(ref.  16) ,  A  cause  de  la  complexltd  des 
phenomAnes  de  transition  et  du  nombre  de 
paramAtres  varies  agissant  sur  eux,  les 
testa  de  validation  devront  avoir  des 
domaines  de  recouvrement  au  niveau  des 
paramAtres  aussi  bien  qu'une  redondance  au 
niveau  des  mesures  de  transition. 


En  outre  les  simulations  numeriques 
directes  (  ref.  11,  12,  13,  14,  15)  ont 
fait  de  tels  progrAs  au  cours  des  dix 
dernieres  annees  qu'on  peut  les  utiliser 
pour  comprendre  les  traits  saillants  du 
processus  non  lineaire  et  pour  identifier 
les  parametres  qui  gouvernent  son 
occurence.  Ils  sont  devenus  de  tres 
precieux  outils  de  comprehension  du 
phenomena  de  transition. 


7.2  Concernant  les  essais  en  vol 

A  la  fin  1990,  les  rAsultats  obtenus 
pendant  les  phases  I  et  II  de  ce  programme 
ont  permis  de  montrer  que  le  concept  de 
laminarite  etait  viable  pour  les  avions 
d'affaires,  puisqu'un  certain  nombre  de 
technologies  requises  etaient 
maitrisees, 1 'energie  necessaire  etant 
negligeable  devant  les  gains  attendus. 

C'est  la  raison  pour  laquelle  Dassault 
Aviation  s' est  engagee  dans  cette  voie  et  a 
initie  dAs  cette  annee  un  nouveau  programme 
qui  lui  permettra  d'approfondir  ses 
connaissances  pour  prAparer  1 ' implantation 
de  la  laminarite  hybride  A  un  niveau 
industrial : 

-  en  etendant  les  actions  de  phase  II 
aux  deux  ailes  internes  du  FALCON  900 
afin  de  tester  la  robustesse  des 
systAmes  requis  A  un  niveau 
opArationnel 
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-  en  preparant  une  action  de  plus  grande 
envergure  destinee  a  optimiser  une 
aile  entierement  laminaire  ,  ouvrant 
la  voie  aux  etudes  du  future  FALCON. 
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ABSTRACT 

Other  than  in  classical  theory,  endurance  cruise  is 
considered  as  an  optimal  periodic  control  problem 
where  the  state  and  control  variables  change  in  a 
periodic  manner.  Variable  camber  is  introduced  as  a 
further  control  in  addition  to  angle  of  attack  and 
thrust  setting.  By  periodically  varying  camber  in  a 
coordinated  process  with  the  two  other  controls,  it  is 
possible  to  fuUy  exploit  its  potential  of  improving  the 
lift/drag  ratio  for  increasing  the  endurance  of  aircraft. 

It  is  quantitatively  shown  which  gain  in  enduramce 
performance  can  be  achieved.  Results  ate  presented 
for  an  idealized  engine  model  showing  no  control  rate 
limitations  as  well  as  for  a  realistic  model  with  cons¬ 
traints  on  control  rates  imposed.  The  numerical  va¬ 
lues  for  the  constraints  are  chosen  such  that  only  slow 
thrust  changes  are  admitted. 

1  NOMENCLATURE 

Cd  drag  coefficient 

Cl  lift  coefficient 

D  drag 

g  acceleration  due  to  gravity 
H  Hamiltonian 

h  altitude 

J  performance  criterion 

L  lift 

M  Mach  number 

m  mass 

5  reference  area 

7  switching  function 

T  thrust 

t  time 

V  speed 

a  angle  of  attack 

7  ffight  path  angle 

St  throttle  setting 

Sya  variable  camber  setting,  t  =  1,  ...J 

X  Lagrange  multiplier 

g  athmospheric  density 

<r  fuel  consumption  factor 


*  Prof.  Dr.-Ing.  Gottfried  Sacha,  Director,  Institute 
of  Flight  Mechanics  and  Flight  Control. 

**  Dipl.-Ing.  Rainer  Mehlhom,  Research  Assistant. 


2  INTRODUCTION 

Optimizing  endurance  cruise  is  a  basic  problem  of 
aircraft  performance  where  the  time  which  can  be 
spent  in  the  air  for  a  given  amount  of  fuel  is  maxi¬ 
mized  while  the  distance  covered  is  not  of  interest. 
According  to  classical  theory,  endurance  cruise  is  a 
steady-state  flight  at  constant  speed  or  altitude  or 
both.  Maximizing  endurance  is  achieved  by  an  appro¬ 
priate  adtitude/speed  combination  such  that  fuel  flow 
rate  is  minimized.  The  controls  (throttle  and  elevator) 
atre  constant  or  show  small  gratduad  variations  because 
mass  will  be  changing  rather  slowly  ais  fuel  is  consu¬ 
med.  Techniques  for  optimization  claissicaJ  endurance 
cruise  are  well  known  (e.g.,  Refs.  1-4). 

Recent  research  in  aurcradt  performance  has  shown 
that  there  may  be  a  non-steauly  type  of  cruise  which 
yields  a  superior  endurance  performance  (Refs.  5-7). 
This  type  of  cruise  is  chauraicterized  by  a  periodic 
trajectory.  Each  period  of  the  trajectory  consists  of 
two  phases  one  of  which  is  a  high-thrust  climbing 
flight  while  the  other  is  a  descent  at  low  thrust. 

With  the  use  of  wings  which  can  adjust  their  profile, 
the  performance  requirements  of  different  types  of  ma¬ 
neuvers  can  be  better  met.  This  technique  is  based  on 
an  aerodynamic  concept  termed  "Variable  Camber” 
which  provides  an  efficient  means  for  improving  the 
lift/drag  characteristics  of  aircraft  (Refr.  8-11). 

The  performance  potential  of  periodic  optimal  control 
of  endurance  cruise  can  be  further  enhanced  when 
the  improved  aerodynamic  capability  of  variable  cam¬ 
ber  can  be  additionally  utilized  (Refs.  4,  12).  This  is 
because  periodic  optimail  control  can  provide  a  par¬ 
ticular  advantage  of  variable  camber  by  continually 
auOusting  the  wing  profile  during  the  unsteady  phases 
of  a  period. 

It  is  the  purpose  of  this  paper  to  provide  a  further 
insight  into  the  endurance  performance  improvement 
possible  by  periodic  aircraft  cruise  in  combination  with 
control  of  variable  r  amber.  It  will  be  shown  which  en¬ 
durance  increase  can  be  achieved  by  optimal  periodic 
control  when  compared  with  the  best  steady-state 
cruise.  A  further  topic  on  which  emphasis  is  put  is  of 
a  more  pratctical  nature.  It  concerns  a  limitation  of 
throttle  control  rate  in  order  to  avoid  abrupt  thrust 
changes. 


Presented  at  an  AGARD  Meeting  on  'Recent  Advances  in  Long  Range  and  Long  Endurance  OiH’raiion  of  Aircraft May  IW. 
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3  STEADY-STATE  CRUISE  AND  VARIABLE 
CAMBER  CONSIDERATIONS 

For  reference  purposes,  some  basic  properties  of  steady- 
state  cruise  and  vuiable  camber  aerodynamics  are 
considered  first. 

Maximizing  endurance  in  steady-state  cruise  requires 
to  minimize  fuel  flow.  This  means  to  determine  the 
minimum  of  the  expression 

fhf  =  ffT  (1) 

With  the  use  of  T  =  D  =  C7d(p/2)V^5  and  mg  = 
L  =  Cl(p/2)V’*5,  Eq.  (1)  may  be  rewritten  as 


control  which  is  continually  changed.  Thus,  it  is  pos¬ 
sible  to  exploit  the  potential  of  variable  camber  for 
further  improving  aircraft  performance. 

4  PROBLEM  FORMULATION  FOR  PERIO¬ 
DIC  OPTIMAL  CRUISE 

The  UEo  '.eady  phases  of  a  periodic  trajectory  require 
to  adequately  model  the  dynaunics  of  the  aircraft  as 
well  as  aerodyn8kmics  and  powerplemt  characteristics. 
The  equations  of  motion  may  be  written  as 

dV  T  D 


When  treating  thrust  specific  fuel  consumption  o’  as  a 
constant  which  is  a  reasonable  assumption  for  jet  pro¬ 
pelled  aircraft  considered  here,  maximum  endurance 
is  achieved  by  a  flight  condition  at  minimum  drag/lift 
ratio  (Cd/Cl)™.!  •  In  case  of  a  parabolic  drag  polar 
Co  =  Cdq  the  following  relation  for  the  opti¬ 

mal  lift  coefficient  in  regard  to  {Cn/Ci^mm  holds 

a  =  ^CoJK  (3) 

This  relation  may  be  considered  as  a  reference.  For 
a  more  realistic  modelling,  the  dependency  of  speci¬ 
fic  fuel  consumption  on  Mach  number,  altitude  and 
throttle  setting  and  the  effect  of  Mach  number  on 
drag  as  well  as  non-parabolic  characteristics  of  the 
drag  polar  must  be  accounted  for.  An  explicit  solu¬ 
tion  may  not  be  possible  and  numerical  or  graphical 
methods  are  required  to  determine  the  minimum  of 
rhf  as  described  by  Eq.  (1),  Refs.  1-4. 

Steady-state  endurance  performance  can  be  improved 
with  a  variable  camber  wing.  From  Eq.  (2)  it  follows 
that  it  is  necessary  to  find  the  best  drag/tift  ratio  for 
the  lift  coefficient  at  a  hich  endurance  cruise  is  conduc¬ 
ted.  This  is  illustrated  in  Fig.  1.  This  Figure  shows 
individual  drag  polars  as  generated  by  appropriate 
camber  settings  for  some  flight  conditions  like  cruise, 
maneuver,  loiter  etc.  The  difference  between  the  best 
drag/lift  ratios  of  the  individual  polars  show  that  a  si¬ 
gnificant  aerodynamics  advantage  may  be  possible  by 
tq>propriately  controlling  camber.  The  envelope  of  all 
drag  polars  possible  is  a  measure  for  the  aerodynamics 
performamce  of  a  variable  camber  wing. 

As  may  also  be  seen  in  Fig.  1,  loitering  corresponds 
to  a  flight  at  a  larger  lift  coefficient  than  range  cruise. 
It  may  also  be  of  interest  to  note  that  loitering  is 
conducted  at  a  relatively  small  Mach  number  avoiding 
drag  increase  due  to  compressibility. 

The  maneuvers  indicated  in  Fig.  1  basically  represent 
steady-state  flight  conditions.  Accordingly,  variable 
camber  is  usually  considered  as  a  steady-state  con¬ 
trol  which  is  held  constant  during  a  maneuver.  In  this 
paper,  variable  camber  is  introduced  as  a  non-steady 


dt 


L 

mV 


7 


-  =  Vsiny 


(4) 


^  =  /(V.  A, 

The  characteristics  of  lift  and  drag  may  be  modelled 
as  L  =  Cl(p/2)K*S  and  D  =  Cd(  V2)V"*5  where 


Cd  =  Cv,{a,6\cuM),  «  =  1, ...; 

For  changing  variable  camber  setting,  a  multiple  set 
of  individual  control  devices  6cvi  may  be  applied.  The 
actual  number  denoted  by  j  is  due  to  the  specifics  of  a 
technical  design  such  as  leeuling  and  trailing  edge  flaps 
or  a  segmentation  of  a  wing  (Ref.  9).  In  this  paper, 
a  combination  of  leading  and  trailing  edge  flaps  is 
considered  (implying  that  j  =  2),  Fig.  2.  From  the 
results  pre  jnted  it  follows  that  the  lift/drag  ratio 
can  be  effectively  improved  by  appropriate  setting 
of  variable  camber  as  indicated  by  the  envelope.  \.s 
may  be  seen,  a  rather  complex  functionzd  relationship 
exists  between  drag  coefficient  smd  the  other  -quantities 
involved. 

The  thrust  model  accounts  for  the  effect  of  speed, 
altitude  and  thrust  setting.  It  may  be  expressed  as 

r(K.  a,«t)  =  ^r„„(K,  A)  (6) 

Fuel  consumption  characteristics  are  described  by  t'"" 
following  relation 


rhf  =  m,o  (A)  -(-  <t(V)  T„„(V,  A)  (7) 

During  a  period  tcyc  of  r.  trajectory,  a  certain  amount 
of  fuel  is  consumed.  This  amount  can  be  considered 
small  when  compared  with  the  total  mass  of  the  air¬ 
craft 

mf(<cyc)  -  mf  (0)  <  m  (8) 

As  a  consequence,  the  mass  of  the  aircraft  can  be 
considered  constant  for  the  duration  of  one  period. 
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Periodicity  of  the  flight  path  implies  the  following 
boundary  conditions 

V{t^c)  =  K(0) 

u^cyc)  =  7(0)  (9a) 

A(^cyc)  =  ^(0) 

The  initial  condition  for  the  fuel  mass  can  be  written 
as 

mf(0)  =  0  (9h) 

Control  variables  are  angle  of  attack  a,  variable  cam¬ 
ber  setting  ^va  and  throttle  setting  which  are 
subject  to  the  following  inequality  constraints 

®niiii  ^  at  ^  atm^ 

(^Ci)mm  <  <  (5va)mM,  «'  =  l.  —i  (10) 

0  <  «T  <  1 

The  atmospheric  model  which  is  used  for  describing 
air  density,  speed  of  sound  and  thrust  dependencies  on 
altitude  agrees  with  the  ICAO  Standard  Atmosphere 
(Ref.  13). 

The  optimization  problem  is  to  determine  a  periodic 
trajectory  which  yields  the  maximum  of  flight  time 
per  fuel  consumed.  For  this  purpose,  the  performance 
criterion 

f^(lcye) 

is  introduced 

The  optimization  problem  may  now  be  formulated 
as  to  And  the  control  histories  a,  ^ci  and  5t,  the 
initial  states  (V(0),7(0),h(0))  and  the  optimal  cycle 
length  fcyc  which  maximize  the  perfomance  criterion 
subject  to  the  dynamic  system  described  by  Eq.  (4), 
the  boundary  conditions  given  by  Eqs.  (9a,b)  and  the 
inequality  constraints  for  the  control  variables,  Eq. 
(10). 

For  solving  this  problem,  sin  optimization  procedure 
based  on  the  minimum  principle  and  the  method  of 
multiple  shooting  was  applied.  Details  are  described 
in  the  Appendix. 

5  BASIC  PROPERTIES  OF  PERIODIC 
OPl  MAL  CRUISE 

The  results  presented  in  this  section  are  intended  to 
show  basic  properties  of  periodic  optimal  endurance 
cruise.  They  may  be  considered  as  a  reference  in  as 
much  as  there  are  no  restrictions  of  control  rates  which 
may  be  limited  from  a  practical  point  of  view.  Ail 
other  characteristics  of  the  aircraii.  are  realistically 
modelled.  Th's  particularly  concerns  aerodynamics, 
the  main  characteristic  of  which  is  the  drag/lift  relati¬ 
onship  and  its  dependency  on  variable  camber  setting 
and  Mach  number.  This  rather  complex  dependency 
is  modelled  according  to  the  example  shown  in  Fig.  2 
for  three  Mach  numbers.  The  aircraft  considered  may 
be  regarded  as  representative  for  vehicles  capable  of 
supersonic  speed. 


An  optimal  period  of  maximum  enduremce  cruise  is 
presented  in  Figs.  3-5.  There  is  a  significant  increase 
in  endurance  of  25.4  %  when  compared  with  the  best 
steady-state  cruise. 

This  increase  is  achieved  by  an  unsteady  maneuver 
which  combines  a  high-thrust  climb  phase  followed 
by  a  descent  phase  at  idling  (Fig.  3).  As  may  be 
seen  in  Fig.  4,  a  considerable  use  is  made  of  variable 
camber  which  is  changed  in  a  wide  range.  In  the  high- 
thrust  climb  phase  (Fig.  5),  ceunber  is  set  at  low  values 
indicating  a  decambering  of  the  wing.  A  large  camber 
setting  is  applied  for  the  descent  phase  at  idling. 

Fig.  6  shows  further  details  of  optimal  control  of  va¬ 
riable  camber.  For  the  range  of  high  lift  coefficients,  a 
large  camber  setting  is  applied  and  the  Mach  numbers 
attained  are  rather  small.  The  opposite  holds  for  the 
range  of  small  lift  coefficients.  The  correlation  exi¬ 
sting  between  these  quantities  indicates  a  favorable 
usage  of  the  variable  camber  potential  for  applica- 
lon  to  periodic  control  of  endurance.  This  is  because 
the  «  flectiveness  of  variable  camber  in  improving  the 
lift/drag  ratio  is  rather  high  at  smadl  Mach  numbers 
(Fig.  2).  This  particularly  holds  for  the  upper  range 
of  lift  coefficients.  By  contrast,  the  effectiveness  is 
considerably  reduced  at  high  subsonic  Mach  numberb 

(Fig.  2). 


6  THRUST  MODEL  WITH  CONSTRAINED 
CONTROL  RATE 

The  contiol  of  thrust  in  the  previously  conaidered  re¬ 
ference  case  shows  a  bang-bang  type  behavior  which 
means  a  STritriiing  betwcer.  its  maximuir  and  mini¬ 
mum  values  an  an  infinite  control  rate.  Such  a  beha¬ 
vior  is  not  realistic  because  of  limitations  existing  for 
the  control  rate  of  thrust.  Furthermore,  even  a  high 
control  rate  may  be  not  feasible  because  there  are 
detrimental  effects  on  engine  life  time  when  thrust  is 
very  rapidly  changed  from  idling  to  maximum  and 
vice  versa.  In  order  to  reduce  such  effects  and  to  rea¬ 
listically  simulate  thrust  control  characteristics,  an 
expanded  model  is  introduced.  This  model  shows  a  li¬ 
mitation  in  thrust  control  rate  where  a  time  of  10  sec 
was  chosen  for  changing  thrust  from  idle  to  maximum 
(dry)  and  vice  versa. 

The  effect  of  constraining  thrust  control  rate  on  pe¬ 
riodic  optimal  endurance  cruise  is  shown  in  Figs  7-9. 
There  is  only  a  small  effect  on  the  endurance  impro¬ 
vement  achievable  with  periodic  optimal  control  due 
to  delayed  thrust  buildup  caused  by  the  rate  cons¬ 
traint.  The  optimal  trajectory  is  quite  similar  to  the 
previously  considered  reference  case. 

It  may  be  of  interest  to  note  how  fuel  is  consumed 
during  maximum  thrust  and  idling  phases.  This  is 
illustrated  in  Fig.  10.  As  may  be  seen,  a  significant 
portion  of  fuel  is  consumed  during  the  idling  phase. 
Despite  the  fact  that  this  portion  is  wasted,  periodic 
optimal  control  provides  an  improvement  in  the  overall 
performance. 
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Though  the  optimal  period  length  is  more  than  10 
min,  a  further  increase  may  contribute  to  an  ease  m 
control  and  also  to  a  further  reduction  of  problems  as 
regards  engine  life  time  considerations.  This  is  because 
an  increased  period  length  would  mean  a  reduction  of 
the  number  of  engine  cycles  necessary  for  a  given  to¬ 
tal  endurance  time.  Figs.  11-13  show  characteristics 
of  a  trajectory  when  the  period  length  is  doubled  as 
compared  with  the  optimal  value.  As  may  bs  seen, 
endurance  performance  is  slightly  reduced.  The  tra¬ 
jectory  shows  some  changes  when  compared  with  the 
optimal  case.  Basically,  the  altitude  range  is  extended 
for  enabling  a  longer  period  so  that  the  maximum 
thrust  as  well  as  the  idling  phases  are  L''creased.  Con¬ 
trol  of  vuiable  camber  is  quite  similar  to  the  optimal 
period  case. 

Another  consideration  of  practical  interest  concerns 
the  loads  occuring  during  periodic  cruise.  This  is  il¬ 
lustrated  in  Fig.  14  which  shows  the  history  of  the 
load  factor  for  periodic  optimal  cruise  (as  depicted 
in  Figs.  7-9).  From  the  results  presented  in  Fig.  14 
it  follows  that  there  are  some  loeid  factor  variations 
during  pull  up  and  push  down  phases  when  the  trajec¬ 
tory  is  changed  &om  a  climb  to  a  descent  and  a  vice 
versa.  However,  the  main  portie.u  of  the  trajectory 
shows  a  prsLCtically  constant  loiul  factor  equivalent  to 
a  e'  jody-state  flight  condition. 

7  CONCLUSIONS 


8  APPENDIX  (OPTIMALITY  CONDITIONS' 

For  solving  the  periodic  control  problem  described, 
optimization  methods  are  required  with  the  use  of 
which  a  solution  can  be  constructed.  The  technique 
applied  in  this  paper  is  an  indire.  *  uethod  which  ma¬ 
kes  use  of  establishing  optimalicy  conditions  including 
additional  differential  equations.  Furthermore,  an  ef¬ 
ficient  numerical  method  is  required  which  is  capable 
of  solving  the  problem  at  heind  The  technique  appi- 
lied  in  this  paper  is  based  on  the  method  of  multiple 
shooting  (Ref.  14j. 

Necessary  conditions  for  optimality  ca  be  determined 
by  applying  the  minimum  principle.  For  this  purpose, 
the  Hamiltonian  is  defined  as 

-l-Ah  V  sin  7  -f  >  '’rrifo  -t-  <tT) 

(Al) 

where  the  Lagrange  multipliers  A  =  (Av,  A.,,  Ah,  Af)’^ 
have  been  adjoined  to  fhe  system  of  Eq.  (4).  The 
Lagrange  multipliers  are  determined  by  * 

dAv  .  D\  —  T\  L  —  V  Lv  —  fng  cos  7 
-df  =Av— ;^  +  A, - - 

—  Ah  sin  7  —  Af(<rvT  -I-  <tTv) 

=Avffcos7  -  A.,^8in7  -  AhKcos7  (A2) 


For  periodic  optimal  endurance  cruise,  variable  cam¬ 
ber  is  considered  as  a  control  in  addition  to  thrust 
and  angle  of  attack  which  are  the  controls  usurdly 
^plied.  It  is  shown  that  a  significant  increase  of  en¬ 
durance  performance  can  be  achieved  wh<-n  compared 
with  the  I  st  steady-state  cruise.  By  periodically  va^ 
rying  camber  in  a  coordinated  process  with  the  two 
other  controls,  it  is  possible  ‘•e  *'’'lly  exploit  ii-  poten¬ 
tial  of  improving  the  lift/drag  ratio  for  increasing  the 
endurance  of  aircraft. 

The  results  presented  include  a  realistic  modelling  of 
engine  characteristics  which  account  for  a  control  rate 
limitation.  The  constraints  chosen  for  control  rates 
are  such  that  thrust  is  changed  rather  slowly  in  order 
to  reduce  problems  concerning  engine  life  time.  Such 
problems  may  result  becaiise  the  engine  is  operated 
alternately  at  a  high  and  a  low  thrust  setting.  A  fur¬ 
ther  means  tor  reducing  engine  life  time  problems  is 
to  increase  the  period  length  so  that  a  smaller  number 
of  thrust  control  cycles  is  required  for  a  given  total 
endurance  time.  It  is  shown  that  endurance  perfor¬ 
mance  improvement  stays  at  a  significant  level  even  if 
the  period  length  is  doubl«‘d  when  compared  with  the 
optimal  value. 

A  further  consideration  of  practical  interest  concerns 
the  load  factor  attained  during  period  optimal  endu¬ 
rance  cruise.  It  is  shown  which  changes  exist.  They 
mainly  concern  the  pull  up  and  push  down  phases  of 
the  trajectory. 
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with  the  following  boundary  conditions 


Av(0)  =  Av(tcyc) 

•^h(O)  =  Ah(fcyc) 

A,(0)  -  A.,(teyc)  (A3) 

'V(tcyc)  =  ~fcyc/n4f  (fcyc) 


The  optimal  cycle  time  fcyc  can  be  obtained  with  the 
use  of  two  further  differential  equations 


dfcyc 

IT 

dAx 
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=  0 

_  H 

fcyc 


subject  to  the  boundaury  conditions 


(A4) 


At(0)  =  0 


(A5) 


The  optimal  contr.As  or,  6vci  snd  jx  sre  such  that  H 
is  miiiimized.  For  this  reason,  a  is  determined  either 


*  Partial  derivatives  of  D,  L,  T  are  denoted  by  sub¬ 
scripts,  e.g.,  D\  =  dDidV. 


K-5 


by  (from  dH /da  =  0) 


X  -  n 


(yl6) 


or  by  the  construing  bounds  of  Eq.  (10). 

The  optimality  conditions  for  variable  camber  setting 
are 


^  5Cl  ^  ,,  dCo 


=  0. 


i  = 


(Al) 


Otherwise,  the  constraining  bounds  of  Eq.  (10)  be¬ 
come  active. 

With  regard  to  throttle  setting  &r,  the  Hamiltonian 
shows  a  linear  dependence.  Accordingly,  a  bang-bang 
type  control  or  singular  arcs  can  exist.  The  bang- 
bang  type  control  means  that  the  throttle  takes  on  its 
boundary  values  according  to 


^  =  0  if  S(y,  A,  Cl)  >  0 
=  1  if  5(y,  A,  Cl)  <  0 

where 

5(y.A,CL)=^//(y,A,CL,6T) 


(A8) 


(A9) 


is  the  switching  function  and  y  =  (l^,  y,  h,  mj)”^ .  Switching 
occurs  when 


^(v.-^.Cl)  =  0. 

A  singular  arc  means  that  the  throttle  is  not  on  its 
boimdary  but  takes  on  values  interior  to  its  admissible 
control  set.  This  occurs  when  5^(y,  A,Cl)  =  0  for  a 
finite  interval  of  t.  However,  such  a  behaviour  weu  not 
observed  in  the  numerical  investigation. 

Thrust  control  characteristics  as  described  by  Eq. 
(A8)  are  used  as  a  reference  for  describing  basic  pro¬ 
perties  of  period  optimal  endurance  cruise.  For  a  more 
realistic  modelling  accounting  for  control  rate  cons¬ 
traints,  further  conditions  for  optimality  not  described 
here  have  been  applied. 

The  system  described  by  Eq.  (4)  is  autonomous,  so 
that  the  Hamiltonism  is  constant.  Since  the  final  time 
(eye  is  considered  as  free,  the  Hamiltonian  takes  on 
the  value 


H  = 


1 

^(feye  ) 


(AlO) 


The  numerical  difficulties  existing  in  periodic  op¬ 
timal  cruise  problems  require  sophisticated  optimi¬ 
sation  procedures  and  efficient  computational  algo¬ 
rithms.  Such  problems  include  the  precise  treatment 
of  switching  conditions,  internal  point  and  jump  con¬ 
ditions  etc.  The  computer  code  applied  is  based  on 
the  method  of  multiple  shooting  and  provides  results 
with  high  accuracy  (Refs.  14,  15). 
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Fig.  1  Application  of  variable  camber  to  different 
flight  conditions 
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Fig.  3  Periodic  optimal  endurance  cruise  (reference 
case),  speed,  altitude  and  flight  path  angle 
25.4%  endurance  increase,  feye  =  597.8  sec 

Fig.  4  Periodic  optimal  endurance  cruise  (reference 
case),  variable  camber  setting 
25.4%  endurance  increase,  Uye  =  597.8  see 


Fig.  5  Periodic  optimal  endurance  cruise  (reference 
case),  lift  coefficient  and  thrust  setting 
25.4%  endurance  increase,  <cyc  =  597.8  sec 


Fig.  2  Effect  of  variable  camber  on  drag  characteris-  Fig.  6  Correlation  of  lift/drag  coefficients,  Mach  num- 
tics  (high  performance  aircraft),  from  Ref.  8  ber  and  variable  camber  control 
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Fig.  7  Periodic  optimal  endurance  cruise  with  con¬ 
strained  thrust  control  rate,  speed,  altitude 
and  flight  path  angle 

25.1%  endurance  increase,  Uyc  —  613.2  sec 


Fig.  8  Periodic  optimal  endurance  cruise  with  con¬ 
strained  thrust  control  rate,  variable  camber 
setting 

25.1%  endurance  increase,  tcyc  =  613.2  sec 


Fig.  9  Periodic  optimal  endurance  cruise  with  con¬ 
strained  thrust  control  rate,  lift  coefficient 
and  thrust  setting 

25.1%  endurance  increase,  <cye  =  613.2  sec 


Fig.  10  Fuel  consumption  during  periodic  optimal  en¬ 
durance  with  constrained  thrust  control  rate 
25.1%  endurance  increase,  fcyc  =  613.2  sec 


Fig.  11  Periodic  endurance  cruise  at  double  of  opti¬ 
mal  period  length,  speed,  altitude  and  flight 
path  angle 

21.7%  endurance  increase,  <cyc  —  1226.5  sec 


Fig.  12  Periodic  endurance  cruise  at  double  of  opti¬ 
mal  period  length,  variable  camber  setting 
21.7%  endurance  increase,  <cyc  =  1226.5  sec 


Fig.  13  Periodic  endurance  cruise  at  double  of  opti¬ 
mal  period  length,  lift  coefficient  and  thrust 
setting 

21.7%  endurance  increase,  tcyc  =  1226.5  sec 


Fig.  14  Load  factor  during  periodic  optimal  endurance 
with  constrained  thrust  control  rate 
24.5%  endurance  increase,  fcye  =  654.6  sec 
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1  INTRODUCTION 

The  EHlOl  is  a  new  medium  helicopter 
being  produced  by  EH  Industries,  a 
company  jointly  owned  by  Agusta  of 
Italy  and  Westland  of  the  UK. 

The  aim  of  this  presentation  is  to 
explore  the  roles  in  which  the  EHlOl 
will  be  called  upon  to  cover  long 
ranges  and  examine  its  suitability  for 
these  roles. 

The  roles  which  will  be  examined  fall 
into  the  following  categories 

♦  Search  and  Rescue 

♦  Self-Ferry 

4  Special  Operations 

The  successful  completion  of  such 
missions  will  demand  particular 
capabilities  of  the  crew  and  the 
machine.  The  following  aspects  of 
aircraft  design  will  be  looked  at  with 
respect  to  the  EHlOl s- 

♦  In-Flight  Refuelling 

♦  All-Weather  Capability 

4  Maintenance  Requirements 
4  Crew  Environment 

Because  of  the  wide  ranging  nature  of 
the  subject  and  the  limited  time 
available  for  this  presentation  I 
intend  to  examine  only  the  key  points 
required  for  these  roles  and 
capabilities. 

2  AIRCRAFT  ROLES 

2.1  Search  and  Rescue 

The  SAR  mission  over  long  ranges  is 
one  which  EHI  have  spent  some 
considerable  time  investigating  with 
particular  regard  to  the  use  of  the 
aircraft  in  Canada. 

We  are  producing  an  aircraft,  the  New 
Search  and  Rescue  Helicopter  (NSH), 
Figure  1,  for  the  Canadian  Forces  who 
need  to  cover  very  large  areas  with  a 
relatively  small  number  of  aircraft. 
This  clearly  demands  both  long  range 
and  high  speed. 

Figure  2  shows  coverage  of  the 
Canadian  land  masa  from  just  4  bases. 
It  can  be  seen  that  80%  of  the  country 


can  be  reached  by  EHlOl  aircraft  in  12 
hours  operating  from  those  4  bases. 

Figure  3  shows  the  increased  coverage 
achieved  using  Air-to-Air  refuelling. 

The  key  assumptions  used  are  that  the 
self  deployment  reduces  the  SAR 
equipment  slightly  to  allow  take-off 
with  full  internal  fuel,  while  the 
Air-to-Air  refuelling  case  has  full 
SAR  kit  and  slightly  reduced  Fuel 
load. 

Figure  4  shows  an  actual  emergency 
which  occurred  in  a  very  remote 
location  in  the  North.  Rescue 
helicopters  needed  to  be  air- freighted 
to  Thule  in  Greenland,  unloaded, 
reassembled  and  flown  to  the 
emergency . 

The  EHlOl  could  have  reached  the 
location  in  less  than  17  hours  using 
in-flight  refuelling.  On  internal 
fuel  it  would  have  taken  less  than  21 
hours.  Figures. 

2.2  Self  Ferry 

Most  military  aircraft  these  days  need 
to  be  able  to  deploy  to  almost  any 
part  of  the  world  in  a  short  space  of 
time. 

This  is  becoming  more  important  as  the 
NATO  countries  are  focussing  more  on 
the  requirement  for  a  rapid  reaction 
capability  over  a  wider  area  of 
operation  after  the  end  of  the  Cold 
War.  The  options  available  are  limited 
to  either  transporting  the  helicopters 
in  fixed  wing  aircraft,  flying  the 
aircraft  themselves  or  transporting 
them  by  sea  to  the  area. 

The  former  may  be  very  effective  as 
long  as  the  aircraft  is  small  enough 
to  fit  into  a  transport  plane  and 
assuming  that  sufficient  transport 
aircraft  exist. 

The  self  ferry  case  is  likely  for  most 
situations  but  over  long  distances  the 
deployment  time  may  be  particularly 
lengthy  for  helicopters  with  the  added 
problem  of  obtaining  clearance  to  fly 
over  possible  uncooperative  countries. 
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Where  a  truly  rapid  response  is 
required  the  helicopter  needs  to 
either  have  special  ferry  fuel  tank 
provisions  and/or  the  capability  to 
refuel  in  flight. 

The  option  of  transportation  by  sea  is 
slower  than  self  ferry  but  has  none  of 
the  diplomatic  problems  and  can  allow 
predisposition  during  a  time  of  "build 
up  of  tension". 

The  EHlOl  has  the  advantage  that  it  is 
designed  to  op>erate  at  sea  and  can 
have  power  blade  and  tail  folding. 
Figure  6,  to  enable  more  efficient 
stowage  in  limited  space.  It  is  also 
"ruggedised"  for  conditions  at  sea, 
the  extra  landing  loads  operating  from 
a  moving  deck  and  can  withstand  the 
corrosive  conditions. 

2 . 3  Special  Operations 

The  need  to  carry  out  covert  missions 
into  hostile  territory  has  been  a 
reality  since  the  earliest  days  of 
military  aviation. 

The  prime  requirement  is  to  be  able  to 
cover  long  distances  in  order  that  the 
launch  site  can  remain  secret.  It  is 
essential  to  also  ensure  that  the 
mission  launch  itself  is  secret. 

A  suitably  large  aircraft  is  required 
in  order  to  accommodate  the  fuel  and 
the  troops.  A  typical  scenario  may  be 
the  carriage  of  6  commando  troops  to  a 
drop  off  point  300nm  away  from  launch 
with  the  aircraft  returning  empty. 

The  last  portion  of  the  outward  leg  is 
likely  to  be  flown  nap-of-the-earth  in 
the  case  of  helicopter  missions  to 
avoid  detection. 

A  representative  sortie,  with  the 
limitations  indicated,  is  shown  in 
Figure  7  produced  from  our  simulation 
using  data  that  has  been  verified 
during  the  2000  hours  of  development 
flying  that  has  been  accumulated. 

The  use  of  in-flight  refuelling 
considerably  increases  the  range  and 
payload  possibilities  but  clearly 
makes  the  logistics  that  much  more 
complicated. 

Other  characteristics  which  boost 
effectiveness  in  this  role  are  low 
external  noise  signature,  high  speed 
and  all-weather  capability,  more  about 
this  later. 


3  AIRCRAFT  DESIGN  ASPECTS 

3.1  In  Flight  Refuelling  (IFR) 

As  can  be  seen  from  helicopter  roles 
described  above,  the  ability  to  refuel 
in  flight  enhances  the  effectiveness 
of  helicopters  in  Self-Ferry,  SAR  and 
Special  Force  Operations. 

The  EHlOl  is  being  offered  with  the 
ability  to  carry  out  IFR  from  a  tanker 
aircraft  or  in  the  hover. 

A  design  of  removable  IFR  boom  is 
being  proposed  which  extends 
approximately  2.5  m  ahead  of  the 
aircraft  nose. 

In  the  case  of  ship-borne  aircraft 
this  would  be  a  retractable, 
telescopic  probe  or  an  easily 
removable  extension. 

The  air-to-air  probe  will  normally  be 
of  the  'Flight  Refuelling'  type  which 
mates  with  a  drogue  deployed  from  the 
tanker  which  would  typically  be  a 
C130. 

The  system  will  be  capable  of 
accepting  150  igpm  at  50  psig  hose  end 
pressure. 

We  do  not  see  the  ability  to  perform 
refuelling  from  a  C130  tanker  to  be  a 
difficult  task  as  long  as  the 
helicopter  is  stationed  behind  the 
tankers  wing. 

There  could  be  some  turbulence 
exp>erienced  from  behind  the  fuselage 
due  to  the  shedding  of  propeller  tip 
vortices . 

3.2  All-Weather  Capability 

Whilst  the  theoretical  ability  to 
cover  long  distances  is  obviously 
required,  it  will  be  of  limited 
practical  use  if  the  weather  is  such 
that  the  aircraft  can  not  operate. 

Whatever  the  mission,  the  ability  to 
cover  a  distance  quickly  is  heavily 
dependent  upon  the  helicopter  being 
capable  of  being  flown  through  a 
mixture  of  weather. 

The  EHlOl  has  been  designed  for  single 
pilot  IFR  capability  in  the  military 
environment.  This  capability  can  be 
further  enhanced  by  the  addition  of  a 
full  ice  protection  system  which  will 
permit  operation  in  severe  icing 
conditions  by  the  use  of  heater  mats 
on  the  main  and  tail  rotor  blades. 
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3.3  Navigation  Systen 

The  Navigation  system  is  fully 
integrated  with  a  variety  of  sensors. 

In  the  purely  civilian  role,  Figure  8, 
the  emphasis  is  on  ground  based 
navigation  aids  such  as  VOR,  DME  and  a 
selection  of  Decca,  Loran  or  Omega 
with  GPS  as  an  option  when  accepted  by 
the  Authorities. 

The  military  system.  Figure  9,  is 
fully  autonomous  using  a  ring  laser 
gyro  inertial  system  with  doppler  and 
GPS  aiding  for  over  water  operation 
(it  can  also  be  fitted  with  VOR/DME). 

3 . 4  Radar 

The  Military  aircraft  is  fitted  with  a 
Sea  search  radar  which  has  the 
capability  of  locating  survivors  in 
the  water.  The  civil  version  of  the 
aircraft  is  fitted  with  a  Bendix  RDR 
1400  Weather  Radar  which  enhances  the 
all-weather  abilities  as  well  as 
aiding  the  search  role 

3 . 5  Maintenance  Reguirenents 

The  long  range  use  of  helicopters  may 
also  be  restricted  by  the  need  to 
carry  out  maintenance  tasks  after  a 
certain  number  of  flying  hours. 

The  EHlOl  is  capable  of  operating  for 
up  to  12  hours  without  inspections. 
This  limit  will  be  one  of  the  factors 
constraining  long  endurance  missions 
involving  in-flight  refuelling. 

This  endurance  has  been  achieved  by 
careful  design  and  emphasis  on 
reliability. 

There  is  no  magic  in  achieving  this 
just  careful  attention  to  details  and 
rigorous  testing  of  components  and 
equipments. 

The  limiting  maintenance  requirement 
is  the  replenishment  of  fluids  such  as 
hydraulics,  gearbox  lubricants  and 
engine  oils. 

There  is  an  on  board  Health  and  Usage 
Monitoring  (HUM)  system  to  aid  the 
maintenance  assessment  of  the  aircraft 
and  to  increase  the  ability  to  make 
use  of  'on  condition'  replacement  and 
overhaul.  This  is  also  a  limit  on  the 
continuous  flying  as  the  accumulated 
data  has  to  be  down  loaded  for  later 
analysis. 

The  HUM  records  allow  a  more  accurate 
assessment  of  the  aircraft  condition 
and  allows  the  aircraft  to  be  cleared 
for  extended  operations  away  from  a 
maintenance  base. 


4  CREW  ENVIROMNEMT 

Having  discussed  the  theoretical 
possibilities  of  long  ranges  and  the 
type  of  technology  applications 
necessary  to  achieve  these  it  would  be 
a  mistake  to  forget  the  role  of  the 
pilots.  Of  course  the  fatigue  of  the 
crew  is  a  very  serious  matter. 

To  fly  for  periods  of  around  12  hours 
non  stop  and  then  possibly  turn-round 
the  aircraft  quickly  for  a  further 
long  range  leg  is  potentially 
dangerous  due  to  excessive  fatigue. 

It  is  most  important  that  the  major 
factors  which  improve  the  crew 
environment  and  working  conditions 

i.e. 

♦  Autopilot 

♦  Automated  Cockpit 

♦  Ergonomic  Controls 

♦  Low  vibration 

are  part  of  the  design.  Each  of  these 
factors  are  dealt  with  effectively  in 
the  EHlOl  cockpit. 

4 . 1  Autopilot 

The  aircraft  is  fitted  full  auto-pilot 
facility  which  requires  no  Pilot 
intervention  as  a  result  of  the  first 
failure  although  a  caution  is  given. 

It  has  two  Flight  Control  Computers 
(FCC)  with  two  channels  in  each  with 
different  processors  in  each  channel. 

A  full  range  of  Autopilot  functions 
are  available  including  steering 
commands,  height  (Radalt  &  Baralt), 
heading  and  speed  hold  and  in  the 
Military  version  automatic  transitions 
to  and  from  the  Hover  with  a  Hover 
point  approach. 

The  Autopilot  includes  an 
autostabilisation  function  (ASE)  but 
the  aircraft  can  be  handled  over  the 
full  flight  envelope  with  ASE 
disengaged. 

4 . 2  Automated  Cockpit 

The  instruments  are  fully  electronic 
and  use  cathode  ray  tube  displays  to 
display  all  flight  and  system  data  to 
the  pilots  as  they  require  it.  Figure 
10. 

The  system  is  based  on  a 
"need-to-know"  basis.  The  result  is  a 
crew  whose  workload  is  significantly 
reduced.  All  cautionary  and  warning 
data  is  available  immediately  to  the 
crew  as  and  when  they  need  it. 


Tig.  19  inatruaantatioii  da  la  phaaa  li 


-  effet  du  taux  d'asplratlon  et  de  aa 
distribution  dans  lea  canaux  lie 
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However,  it  may  be  a  point  for 
limitless  discussion  as  co  whether  on 
long  range  missions  it  is  preferable 
for  the  pilots  to  have  a  reasonably 
heavy  workload  in  order  to  remain 
safely  attentive  1 

4.3  Ergonomic  Cockpit 

It  goes  almost  without  saying  that  the 
aircraft  is  capable  of  accommodating 
5th  to  95th  percentile  pilots  and  that 
great  care  has  been  taken  in  laying 
out  the  controls  such  that  crew 
fatigue  is  minimised. 

Experience  shows  in  Civil  helicopter 
operation  that  crew  comfort  can  be 
very  poor  unless  considerable 
attention  is  paid  to  it  in  the  basic 
aircraft  design. 

In  the  military  environment  crew 
comfort  can  be  further  jeopardised  by 
such  factors  as  seat  crashworthiness 
or  the  need  to  wear  NBC  protection. 

It  would  be  misleading  of  me  to  say 
that  the  EHlOl  is  much  better  than 
other  contemporary  aircraft  when  it 
comes  to  military  seat  comfort. 

Suffice  it  to  say  that  a  full  range  of 
crew  sizes  can  be  accommodated  such 
that  the  crew  members  can  reach 
controls  easily  whilst  being  seated  in 
a  good  ergonomic  position. 

4 . 4  Low  Vibration 

The  aircraft  is  equipped  with  Active 
Control  of  Structural  Response  (ACSR), 
a  Westland  designed  and  developed 


system,  which  is  the  most  effective 
way  yet  found  to  control  the  ever 
present  problem  of  helicopter 
vibration. 

The  system  uses  active  control 
technology  to  minimise  vibration 
around  the  airframe  measuring  the 
vibrations  using  12  accelerometers  on 
the  structure  and  feeding  the 
information  into  the  ACSR  controller. 

This  then  drives  hydraulic  actuators 
in  the  main  gearbox  supports.  Figure 

11,  that  produces  anti-phase  movements 
to  reduce  the  vibration  generated  by 
the  dynamic  components. 

The  system  has  had  a  considerable 
affect  on  the  vibration  levels.  Figure 

12,  but  the  aircraft  is  still  cleared 
to  the  full  flight  envelope  with  the 
ACSR  switched  off. 

5  CONCLUSION 

The  EHlOl  has  been  designed  as  a 
multi-role  helicopter  and  has  the 
capability  to  perform  Long  Range  tasks 
in  the  Military  field  which  can  be 
improved  by  the  use  of  in-flight 
refuelling. 

These  capabilities  can  also  be  used  in 
the  SAR  role  to  enable  rescues  to  be 
achieved  quicker  and  at  longer  range. 


COVERAGE  USING  INTERNAL  FUEL  ONLY 


COVERAGE  USING  AIR-TO-AIR  REFUELING 

ea8404s 


3 


DEPLOYMENT  TO  ALERT  USING  AIR-TO-AIR  REFUELING 


FIGURE  4 


DEPLOYMENT  TO  ALERT  USING  INTERNAL  FUEL  ONLY 


FIGURE  5 


EHlOl  -  MAIN  and  TAIL  FOLDED 


51  ft  8  ins  15.7  m 


FIGURE  6 


5.57 


PRESSURE  ALTITUDE  (FT) 
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EH101  2v3  ENGINE  RADIUS  OF  ACTION 


ISA  +  Ot:  AMBIENT  CONDmONS 

ALLOWANCES;  I  MIN  HOVER  FOR  EACH 
TAKE-OFF  A  lANDINO 
40S5KO  MAX  USEABLE  FUEL 
RESERVES:  15  MIN  LOP-ER  RE'IERVES 
OPERATING  WEIGHT.  y.94«KG 
ZERO  HEADWIND 
ZERO  FUEL  FLOW  PENALTY 


SOKITE  TAKE-OFF  FROM  SEA-LEVEL 
dJMB  TO  SOOOFT 

CRUISE  OUT  AT  BEST  RANGE  SPEED 
CRUISE  BACK  AT  BEST  RANGE  SPEED 
DESCEND  TO  SEA  LEVEL 
LAND 

3-ENOINE  BEST  RANGE  SPEED 
OUT/RETURN  13(V135Kr 


2-ENGINE  BEST  RANGE  SPEED 

OUT/RETURN  I2IV12SICr 

3UW- 

I 

4000- 

. 

3000' 

. 

1 

5 

2000- 

1000' 

0- 

_ J 

14.290KG  MAX  TAKE-OFF  WEIGHT 

WEIGHT;  NSH  BASIC  VEHICLE  WEIGHT 
NO  ECS  PACK 
4CREW 

30  SEATS  IN  CABIN 
5-TANK  FUEL  SYSTEM 
NO  FLOTATION  EQUIPMENT 
NO  RADOME 
NO  FUR 
STOWED  HOIST 
NO  WIRECUTTERS 
_  NO  BUBBLE  WINDOWS 


300  400  500 

RADIUS  OF  ACTION 


600  TOO 


450  (NM) 
800  (KM) 


FIGURE  7 


FIGURE  8 


MILITARY  SYSTEM  ARCHITECTURE 


AMC  1  S  2 


Mt0fiTrut  HO0 
VEL  S  POSN 
AniTUoe 


HRADALT  1&2 


^  POSITION  INERTIAL 

I  vaociTY  reference 


AIRCRAFT 
MANAGEMENT 
SYSTEM  1S2 


OPTIONAL 

NAVAIDS 

VOfl/OME/ 


to^SGs  to^SGs 
(OmTI  I  DMS  I 


PSD  PSD 


DISPLAY  SYSTEM 


AHITUDE 

AHRS 

n 

1  HEISKT 

^ _ 

BAfl  ALT 

TAS  fi  IAS 
VERT  SPEED 

>  -  1 

HOe  ATT 
ACCELERATIONS^ 

AFCS  1S2 

AIB  DATA 

BAR  ALT.  IAS 
VERT  SPEED 

PITOT  fi  PITOT  fi 
STATIC  STATIC 
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COCKPIT  LAYOUT 


RAMP  OPEN 
ADVISORY  UGHTS 


HOMER  ADVISORY  UGHTS 


GROUND  USE  ONEV  PANEL 


VIDEO  SWITCH 
(TYPICAL) 


pIwer 

SCO'-E  SYSTEV. 


central 
l  CO-  dimming 
Pilots  coni  pilots 
ecu  ecu 


PUEL  AND 
‘^yORAULiC  PANE. 


riJGH:  PL.Gm' 

NAV  NAV 

O-'S  dIs  ovs 

VYFATmER 

Icovvs 

IST.S  ROV  radar  37VflOX 

vANU  NC..,  ei  r  A 

Y'  r.LAH  ..ob'  l 

P,-.KK  F', 

CSR  ORAkF  'L.F. 
PA‘U  W  LVIRG 

nCRFEN  en.v.s 
.A  ■  A  f.  A'\  OP  ASC  . 
IANS  vVHr  ►  .  SWfC  ' 
kOCK  PANEi 


OVERHEAD  CONSOLE 
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ACCELERATION  - 
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FIGURE  11 


VIBRATION 

en4p>or 


FIGURE  12 
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LE  CONVERTIBLE  TYPE  EUROFAR: 

VUE  D’ENSEMBLE  DES  AVANCEMENTS  TECHNIQUES  ET  MISSIONS  FUTURES 

par 

General  (CR)  A.  Martini 
J.  Renaud 

Eurocopter  France 
Etablissement  de  Marignane 
13725  Marignane 
France 


S  jusqu'd  ces  demidres  ann6es  le  convertible  n'o 
pas  d6pass6  le  stade  des  essais  probatoires  c'  est 
que  d'une  port  la  technologle  disponible  ne 
permettait  pas  d'en  r6soudre  cofrectement 
l'6quatian  coQt/efficacit6,  et  que  d'autre  port  le 
besoin  n'en  6ta/t  pas  v6ritablement  exprinife.  Les 
choses  ont  aujourd'hul  chang6es.  Les  n6cessit6s 
strat6giques  et  les  progrds  techniques  se 
ccnjuguent  pour  donner  corps  aux  Etats  Uiis  mais 
6galement  en  Europe  d  ce  vieux  r$ve  des 
ingdnieurs. 

1  LES  NECESSITES  STRATEGIQUES 

L'dvolution  gdostratdgique  requiert  d'avantage 
de  mobility  et  de  vitesse  sur  des  distances 
mcyennes  et  rend  le  convertible  techniquement 
ndcessaire. 

En  effet,  des  risques  multiformes  se  substituent  6  la 
menace  unique  de  kj  guerre  iroide  et  les  forces 
doivent  disposer  de  cdpocitds  de  projection 
stratdgiquo  mais  aussi  tactique  pour  permetlre 
des  rdoctlons  odaptdes  dans  le  temps  et  dans 
I'espoce. 

Comme  les  batailles  linAaires  laissent  la  place  6 
des  poles  d'affrontements  sApords  par  de  grands 
espacei  les  besoins  en  mobility  s'en  trouvent 

OCCfUS. 


Les  actions  humanitaires  et  de  maintien  de  ia  paix 
qui  se  multiplient  ndeessitent  des  moyens  de 
transport  pour  amener  vivres  et  matdriels  de  faqon 
significative  au  p>lus  pr6s  des  besoins.  Mais 
fXjralidLment  les  budgets  consacr6s  6  la  defense 
et  les  effectifs  en  reduction  rendent  indispensable 
la  recherche  du  meilleur  cout/efficacit§  des 
moyens  disponibles. 

Dans  cr  contexte,  ra6romobiiit6  sous  toutes  ses 
formes  se  trouve  valorisfee  et  tout  particulidrement 
ka  fonction  mouvement.  Certes  I'hfelicoptdre  pur 
reste  un  moyen  privil6gi6  pour  assurer  de  faqon 
6conomiquement  vioble  le  vol  vertical  et  le 
transport  sur  cotrtes  distances.  II  est  ctair  6galement 
que  r  avion  est  iir  possible  d  concurencer  lorsque 
les  trajets  ddpassent  ,~j  millier  de  kilometres  d 
conditions  toutefois  de  disposer  de  terrains  mdme 
sommairement  amdnagds  et  d' accepter  des 
ruptures  de  charges.  Entre  ces  deux  moyens 
traditionnels  11  y  a  place  et  besoins  d'un  apporeil 
rdunissant  les  avantages  de  I'un  et  de  I'autre,  au 
prix  blen  entendu  de  compromis  sur  les 
performances  en  stationnake  et  sur  la  vitesse. 
Choque  fois  que  le  besoin  apparottra  de  conjuguer 
la  capacity  d'emport,  le  vol  vertical  et  ka  vitesse 
le  convertible  apportera  ddsormais  une  rdponse. 
Les  amdricains  I'ont  clairement  prdvu  d  trovers  le 
programme  OSPREY  et  les  Europdens  avec  le 
projet  EUROFAR. 


I'resrnied  at  an  ACIARI)  Meeting  on  'Recent  Advances  in  Long  R-ngc  amt  t.ong  Lndiirancc  Oi’craiion  of  Ain  raft'.  .May  IW.t. 
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2  LE  PROGRAMME  EUROFAR 

Le  pfo^amme  EUROFAR  (EUROPEAN  FUTURE 
ADVANCED  ROTORCRAFT)  a  Ianc6  fin  1987 
par  decision  du  Ccxiseil  des  Ministres  EUROPEENS 
dans  le  cadre  du  programme  EUREKA. 

La  phase  1  du  Programme  (1988  -  1992)  6tait 
destin6e  d  ^valuer  la  faisabilit6  d'un  systdme  de 
transport  civil  bas6  su  I' utilisation  d'un  convertible 
d  rotors  basculants. 

Les  trovaux  ont  comportds : 

-  L'avant  projet  d'un  appareil  (le  “BASELINE 
AIRCRAFT'')  avant  projet  destind  d  dvaluer  les 
probldmes  techniques  spdcifiques  au  convertible, 
d  determiner  les  technologies  dont  r  introduction 
sera  ndcessaire  pour  rdsoudre  ces  fxobldmes  et 
enfin  d  effectuer  une  premidre  definition  d'un 
appareil  correspondent  aux  demandes 
escomptees  du  marche. 

-  Des  etudes  de  marche  civil  bosees  sur  I'  utilisation 
d'un  modeie  trds  sophistique  (la  “DYNAMIQUE 
DES  SYSTEMES")  permettent  de  decrire  les 
marches  oeronautiques  comme  le  resultot  d'  une 
situation  economique  dans  une  zone  homogene, 
decrite  par  une  modeiisation  macro- 
economique. 

Ces  travaux  ont  permis  d'effectuer  une 
segmentation  geogrophique,  portaille  d'appareSs 
et  par  type  de  missions  pour  le  marche  mondial. 

Des  etudes  ae  sensibilite  ont  ete  effectuees  qui 
ont  montre  1' Influence  du  Direct  Operating  Cost 
(DOC)  pour  I' operation  du  prtx  du  billet  en  fonction 
du  temps  gogne  par  le  voyogeur  enfin  des 
infrastructures  au  niveau  de  reseau  de  transport. 

-  Enfin.  des  travaux  relatifs  aux  infrastructures  au 
systeme  de  contrdle  aerlen,  et  d  la 
reglementation  operationnelle  ou  liee  d  la 
certification  de  I'apcxareil  ont  permis  d'evaluer 
les  composants  du  systeme  de  transport  dont 
retablissement  sera  necessaire  pou  utiliser  le 
convertible  (et  les  autres  apporells  d  decollage 
vertical)  de  fagon  optimisee.  Une  utilisation 
rationnelle  de  ces  diff  Arents  apporeits  (y  compris 
I'heilcoptere)  sous  des  conditions  de  rentabilite 
d'environnement  et  de  sAcurite  acceptable^ 
nAcessitera  une  rAforme  du  systAme  de  contrdle 
oArlen  octuel  odaptA  d  I' utilisation  IFR  des 
avions  mais  pas  des  hAlicoptAres. 

Les  specifications  de  mission  assignees  au  Baseline 
Aircraft  correspondalt  d  : 


-  30  passagers  +  3  membres  d'Aquipage 

-  Vitesse  ;  300  Kts  mini 

-  Distance  franchissable  :  600  Nm 

-  Altitude  de  croisiAre  :  7S00  m 

-  Satisfaction  des  exigences  de  la  catAgorie  A 
(Principalement  panne  d'un  moteur  au 
dAcollage). 

Le  convertible  est  capable  de  satisfoire  d  de  telles 
spAcifications  du  fait  ■. 

-  de  sa  charge  en  disque  modArAe  (69  kg/m2 
pour  EUROFAR)  lui  assuront  des  performances 
honorables  au  dAcollage,  en  stationnaire,  et  en 
mode  hAlicoptAre  (nacelles  verticale). 

-  de  son  systAme  de  commande  cyclique  su  les 
rotors  lui  assurant  des  qualitAs  de  vol  et  de 
pilotabilitA  identiques  d  celle  de  I' hAlicoptAre,  y 
compris  lors  de  la  transition. 

-  de  so  tratnAe  (intermAdiaire  entre  celle  de 
I'avion  et  du  meilleur  hAlicoptAre)  lui  procuont 
une  haute  vitesse  de  croisiAre,  compte  tenu  de 
la  puissance  installAe  (335  kts  pour  EUROFAR  A 
7500  m). 

L'avant  projet  a  conduit  d  la  dAfinition  d'un 
appareil  de  1 3,6  T,  20,4  m  de  long,  ayant  des  rotors 
de  1 1,2  m  de  diamAtre.  L'orchitectue  correspond 
d  un  appareil  d  aile  haute  et  diAdre  avant 
empennage  en  T. 


La  technologie  EuopAenne  la  plus  ovoncAe  a 

AtA  Introduite  su  cet  appareil  ovec  ; 

-  un  fuselage  compositecatbone-ApoxypressuisA 

-  des  commondes  de  vol  optiques  quodnjp>lex 

-  un  moyeu  en  balancler  ovec  transmission  du 
couple  par  une  plAce  en  composite. 

-  des  pales  en  composite  monies  de  proflis  d 
haute  performance. 

-  un  cockpit  avancA  ovec  mlnlrrranches  et 
prAsentatlon  des  Informations  par  Acron. 
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Cette  definition  a  6t6  confort6e  par  d'  importantes 

campagnes  exp6rinnentales  qui  ont  comporte  ; 

-  des  essais  aerodynamiques  en  souffierie  sur  une 
maquette  modulaire  au  1/10  (ajustee). 

-  l'essaia6rodynanniquedynamiqueetacoustique 
d'un  rotor  isoie  (^helle  1/27)  ou  banc  en 
statlonnaire  (Marignane)  et  en  conversion  et 
aoisiere  (souffterfe  SI  Modane  de  I'ONERA). 

-  Des  essais  a6rostatiques  en  souffierie  sur  un 
ensemble  aile  +  nacelle  +  rotor  (WESTLAND) 


- 1'  essai  au  sol  d'  un  trongon  echelle  1  de  fusetage 
composite  (Ajustee). 

-  Des  campagnes  de  simulations  pitot6es  sur  le 
simulateur  Epopee  de  I’ Aerospatiale  Toulouse 
quI  ont  permis  de  conforter  les  lols  de  i:>llotage 
et  d'evaluer  les  capacites  de  I'apporell  (pitotes 
civil  et  militaire). 

Enfin,  ces  etudes  de  caractere  civil  ont  ete 
compietees  par  la  definition  d'une  famille  de 
derives  militaire  bases  sur  I'apporeil  cMI. 
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3  LES  APPLICATIONS  MiUTAIRES  D’EUROfAR 

Comme  cela  a  soulign§  le  proJet  ElJ?OFAR  est 

sous-tendu  par  une  utilisation  civile.  Mais  ii  est 
apporu  trds  rapidement  au  responsabie  du 
programme  que  la  reflexion  et  l'6tude  devaient 
§tre  diargis  aux  besolns  militaires  pour  des  raisons 
6videntes  touchant  d  t'Atendue  des  marches. 
En  I'absence  d'expression  des  besolns  de  la  port 
des  ormAes  europ^nnes.  les  experts  militaires  ont 
tentd  dressd  le  catalogue  des  capadt§  d'un 
convertible  militaire  d6riv6  d'EUROFAR  pxxr  le 
soumettre  aux  Etats  Majors  afin  que  ceux  ci  y 
recherchent  des  solutions  aux  probldmes  que 
I'utilisation  gdostratdgique  leurpose.  Dansl'esprit 
de  tou&  industriels  et  Etats  Majors,  il  ne  s'agissait 
pas  de  proposer  un  prodult  remplagant 
I'hdlicoptdreetravion  mais destimiJer les  reflexions 
des  utilisateurs  ovec  un  moyen  disposant  de 
capocites  nouvelles. 

Les  ptlndpoles  caracteristiques  de  la  version  mitaire 
d'EUROFAR.  d^rivee  de  la  version  civile  sont  les 
suivantes : 

-  Masse  moximale  :  15000  kg 

-  Longueur  :  20  m 

-  Envergure  :  147  m 

-  Diamdtre  rotor  :  11,21  m 

-  Vitesse  de  croisiere  :  335  kts 

-  Charge  utile  moximale  :  4500  kg 

-  Charge  utile  6  distance 
rTKXdmale  franchissable 

(30  mn  de  rdsenre)  :  3300  kg  pour 

1360kmsolt30 
militaires  Aquipes. 

-  Consommation 
speciflque  de  fuel 

<d  300  kts  et  6000  m)  :  0,85  kg/km  . 


La  militarisation  de  sa  version  terrestre  a  6t6  prise 
en  compte  en  particulier  grdce  d  des  sidges 
bUndds  pour  I'dquipoge,  des  sidges  troupes  anti- 
aosh  des  centres  mesures  actives  et  poshes  ainsi 
qu'urt  oirriement  20  mm  en  tourelle. 


Les  amdnagements  intdrieurs  piermettent  le 
transport  de  30  commandos  dquipds  ou  d'un 
vdhicule  adromobile  chargd  par  la  rampe  ortidre 
ou  I'dvacuation  de  12  blessds  couchds  et 
mddicalement  assistds. 


VERSION  ARMEE 


AMENAGAMENT INTERIEUR : 
TRANSPORT  DE  TROUPE 


AMENAGAMENT  INTERIEUR : 
CARGO 


AMENAGAMENT  INTERIEUR : 
INSTALLATION  SANITAIRE 
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Une  version  novate  pounroit  Stre  dot6e  d'un 
replioge  outomotlque. 


VERSION  MARINE  ;  REPLIAGE  AUTOMAVQUE 

Dons  ces  conditions  tes  missions  types  st'ivontes 
peuvent  §tre  r6alis6es : 

-  transport  d'un  v6hicute  et  4  hommes  6  20(30  km 
avec  d6collage  vertical 

-  transport  de  24  hommes  6quip6s  d  2000  km 
ovec  ddcoilage  route  et  10  mm  de  vol  statique 
6  I'arrivde. 


MBaONPRQfM 


Par  example  la  mission  combat  SAR  penmet  une 
ptendtration  de  plus  de  310  km  d  basse  alti^Jde. 
2h20  d' endurance  sur  zorie  et  le  retour  aprds 
sauvetoge  de  5  personnes  en  utilisant  un  dquipoge 
de  3  (2  pilotes  et  un  assistant  rrtedical). 


mission  PBOflLf 


MISSION  TRANSPORT 

Pdndtration  de  1 2  commandos  sur  plus  de  400  km 
d  basse  altitude  et  retou. 

Des  missions  utilisant  I'endurance  d'EUROFAR  ont 
dgatement  dt6  examindes. 


D'autres  missions  sont  relatives  d  la  guerre 
dtectronique  et  aux  opdrations  novates. 

Les  Etats  Majors  Europdens  ont  marqud  de  I'lntdrdt 
pour  tes  capocltds  nouveltes  opp^des  par  te 
convertible  mdme  si  tes  contralntes  budgdtalres 
ne  permettent  p>as  de  tes  concrdtiser. 
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CONCLUSION 

Cette  prSbentation  des  capaclt6s  du  convertible  EUROFAR,  6tait  focalis6e  sur  les  missions  militalres. 

II  est  odmls  que  les  besoins  future  d6passent  ce  seui  cadre.  L'encombrement  de  I'espoce  a6fien, 
r  offshore  lointoin  Imposent  de  nouvelles  missions  que  le  convertible  poutra  assurer  d  condition  de  mettre 
en  oeuvre  des  procedures  gorantissant  d  la  fois  la  s6cur1t6  des  biens  et  des  personnes  et  la  protection 
de  I'environnement. 

A  condition  6galement  d'affiner  I'approche  §conomique  et  de  consolider  la  rentabilltd  du  convertible. 
Une  part  imp'xtante  cJ©  lo  phase  2  a'fcUROFAR  ©si  ddvolu©  d  cett©  demonstration. 
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UTILISATION  DES  METHODES  DE  CALCUL 
POUR  OPTIMISER  LTNSTALLATION  MOTRICE  DES  AVIONS  DE  TRANSPORT 

X.MONTHUS 
Ph.  COLIN 
Ph.  MOGILKA 
A.  MOLBAY-ARSAN 


AEROSPATIALE-AVIONS 

A<Srodynamiquc  de  Conception  -  Ddpartcment  Adrodynamiquc 
BStiment  MOl  -  B.P.  M0142/3 
316  Route  de  Bayonne 
31060  TOLiLOUaE  Cedex  03 
FRANCE 


RESUME 

Dans  le  cadre  des  programmes  AIRBUS,  le  service 
Adrodynamique  de  Conception  d'AEROSPATIALE- 
AVIONS  a  pour  responsabilitds  la  ddFinition  de  la  forme 
adrodynamique  du  mat-rdacteur,  la  ddfinition  de  I’entrde  d'air 
(ou  I'dvaluation  technique  de  celle  fouraie  par  le  motoriste)  et 
I'optimisation  adrodynamique  de  I'installation  motrice  dans 
son  ensemble,  c'est-il-dire  la  minimisation  des  effets  (perte  de 
portance  ;  surcrott  de  trainde)  dus  ^  I'interaction 
voilurc/mat/nacelle.  Cet  article  passe  en  revue  les  diffdrents 
outils  dont  dispose  le  service  pour  mener  i  bien  sa  mission,  i 
savoir  le  systdme  de  C.A.O.  spdcialement  ddveloppd  pour  la 
conception  adrodynamique,  le  mailleur  et  son  environnement, 
et  les  principaux  codes  de  calcul  3D  pouvant  traiter  des 
configurations  gdomdtriques  complexes.  Trois  applications 
rdcentes  de  ces  mdthodes  dans  le  cadre  du  ddveloppement  des 
avions  AIRBUS  A330/A340  et  de  leurs  ddrivds  sont 
exposdes : 

-  Ecoulement  dans  la  zone  de  I'intersection  matA'oilure. 

-  Effet  de  taille  du  moteur  par  rapport  I  une  voilure  donnde  et 
modelisation  de  I'effet  de  jet. 

-  Orientation  du  vecieur  poussde  du  moteur  par  rapport  it 
I'avion. 


a  incidence 

a^p  angle  du  vecteur  poussde 
Cp  coefficient  de  pression 

M  nombre  de  Mach 

Mmo  nombre  de  Mach  maximum  autorisd  en  opdradons 

Md  nombre  de  Mach  maxi  en  piqud 

Vc  vitesse  calibrd  ( calibrated  airspeed  ;  CAS  ) 
x/c  position  sur  une  section  de  voilure  (en  %  de  corde  c) 
y  position  d'une  section  de  voilure  en  envergure 

0  angle  de  la  .section  rdsultat  sur  le  capot  fan 


Dans  le  cadre  des  programmes  AIRBUS,  le  service 

Adrodynamique  de  Conception  d'AEROSPATIALE-AVIONS 

a  pour  responsabilitds ; 

-  la  ddfinidon  de  la  forme  adrodynamique  du  mat-rdacteur 

-  la  ddfinition  de  I'entrdc  d'air  (ou  I'dvaluaiion  technique  de 
celle  foumie  par  le  motoriste) 

-  I'optimisation  adrodynamique  de  I'installation  motrice  dans 
son  ensemble,  c'est-&-dire  la  minimisation  des  effets  (perte 
de  portance,  surcroit  de  trainde)  dus  ik  I'interaction 
voilure/mat/nacelle  (fig.  I). 

La  conception  adrodynamique  comprend  plusieurs  dtapes  : 

-  conception  des  formes  dans  un  systdme  de  C.A.O. 

-  maillage  surfacique  et  volumique  de  ces  formes 

-  analyse  par  codes  CFD  3D  de  ces  formes 

-  essais  en  soufflerie 

-  essais  en  vol 


Ces  dtapes  sont  relides  par  un  processus  itdratif  decrit  sur  la 
fig.2. 

Dans  un  premier  temps,  nous  passerons  en  revue  les 
diffdrents  outils  dont  dispose  le  service  pour  mener  a  bien  sa 
mission,  a  savoir  le  systeme  de  C.A.O.  spdcialement 
ddveloppd  pour  la  conception  adrodynamique  (MICA2),  le 
mailleur  ICEM-DDN  et  son  environnement,  et  les  principaux 
codes  de  calcul  3D  pouvant  traiter  des  configurations 
gdomdtriques  complexes  comme  un  ensemble 
voilure/mat/nacelle  :  FP3D  (singularitds).  EFTAS  (poientiel 
complet),  SESAME  (Euler)  puis  nous  nous  intdiesserons  a 
trois  applications  rdcentes  de  ces  mdthodes  dans  le  cadre  du 
ddveloppement  des  avions  AIRBUS  A330/A.340  et  de  leurs 
ddrivds  : 

-  Ecoulement  dans  la  zone  de  I'intersection  mat/voilure. 

-  Effet  de  taille  du  moteur  par  rapport  4  une  voilure  donnde  et 
moddlisation  de  I'effet  de  jet. 

-  Oientation  du  vecteur  poussde  du  moteur  par  rapport  a 
I'avion. 

Ces  trois  types  d'application  permettront  des  comparaisons 
des  mdthodes  aux  essais  en  soufflerie  et  parfois  mer*?  aux 
essais  en  vol  (pour  rA340). 


I.  METHODES  DE  CONCEPTION 

1.1.  Le  systeme  de  geometrie  MICA2 

Pour  assurer  une  parfaite  cohdrence  entre  I'environnement 
C.A.O.  et  les  contraintes  gdomdtriques  lides  au  caraetere 
adrodynamique  des  formes  i  rdaliser  (continuitd  i  I'ordre  I  ct 
parfois  2.  maitrise  des  courbures.  controle  des  oscillations),  le 
groupe  conception  du  service  Adrodynamique  de  Conception 
d'Aerospatiale  Toulouse  a  congu  son  produit,  le  systeme  de 
gdomdtrie  MICA2  (Moyens  Informatiques  pour  la  Conception 
Adrodynamique).  Cet  outil  permet  la  gdndration  des  fomres 
gdomdtriques  complexes,  leur  manipulation,  I'dvaluation  de 
leurs  caraetdristiques  et  performances  adrodynamiques,  le 
traitement  graphique.  Ecrit  en  Fortran,  ce  systeme  trds 
modulaire  est  ba.sd  sur  un  mode  de  reprdsentation  des  formes 
gdomdtriques  par  des  fonctions  polynomiales  biparametrees. 
Ces  diffdrentes  opdrations  sont  rdalisdcs  via  I'utilisation  de 
sous-programmes  que  Ton  peut  classer  en  trois  grands 
groupes  :  (p,g 

-  les  sous-programmes  de  base  permeltant  d'acedder  ^  des 
informations,  de  se  positionner  dans  un  fichicr  de  formes 
gdomdtriques,  de  rdaliser  des  interpolations,  des  intersections 
entre  tout  type  d'entitds,  de  disposer  d'utilitaires  effectuant  des 
calculs  de  longueurs,  d'aires,  de  distances,  de  courbures  etc... 


-  les  sous-proerammes  de  conception  de  formes,  courbes  2D, 
3D,  surfaces,  prenant  en  compte  les  contraintes  de  tangence  et 
de  courbure 
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Les  formes  g^om^triques  et  les  maillages  r^alis^s  a  I'aide  de 
MICA2  sont  stockds  dans  des  bases  de  donndes  dans 
lesquelles  sont  puisds  les  cas  d'essai  de  la  prdsente  dtude  (cf. 
organigramme  gdndral  du  systeme  MICA2,  ci-dessous). 


BNVIXONNEMENT  MICA2 


BIBUOTHEQUE  DE  SOUSPROGRAMMES 
ELEMENTAIRES 


SOUS-PROG. 

DE 

CONCEPTION 


SOUS'PROC. 

DAIDE 

AU  MAILLAGE 


_ 

_ 

_ 

1 

LOCHaBL[» 
CONCEPTION  ] 
SPBCIAUSE  1 

MAlLtJ-URS 

1 

1 

_ 

^  ~  ^ 

REPRESENTATION 

GRAPHIQUE 

R^uluu 
des  cstcuts 

CODES  DECALCUL 
AERODYNAXOOUE 

1 

Organigramme  giSniral  du  systime  dc  gdomduic  MICA2 


1.2.  La  g^n^ration  de  maillage  de  configurations 
complexes 

Pour  la  g^n^ration  des  maillages  volumiques  requis  par  les 
solveurs  avances  (potentiel  complet  ou  Euler),  Aerospatiale 
Avions  dispose  d’un  environnement  de  maillage  modeme  base 
sur  la  technique  multibloc  structure,  developpe  en  cooperation 
avec  Control  Data  Corporation  et  fonctionnant  en  interactif  sur 
station  de  travail  1 1 1. 

Le  maillage  d'une  gforr.etrie  ddbute  par  la  definition  d'une 
topologie  :  decomposition  du  domaine  de  caicul  en  blocs 
eiementaiirs  connectes  les  uns  au  autres,  decoupage  de  chaque 
face  de  bloc  en  sous  faces  deiimitees  par  un  ensemble 
d'arites.  La  decomposition  en  sous  faces  permet  une  plus 
grande  souplesse  dans  la  definition  des  raccords  entre  blocs  et 
la  particularisation  de  cenaines  parties  de  la  geometrie  (par 
exemple  pour  la  definition  des  conditions  aux  limites),  ce  qui 
conduit  it  une  reduction  significative  du  nombre  total  de 
domaines. 

Une  fois  la  topologie  du  maillage  definie,  les  ariies  sont 
discretisees  en  choisissant  le  type  de  distribution  (lindaire, 
exponentiel...)  et  le  nombre  de  points.  L'architecture 
muitidomaine  structuree  permet  de  ne  fixer  le  nombre  de 
noeuds  que  sur  certaines  arites,  ce  nombre  etant  calcuie 
automatiquement  pour  les  autres.  Les  sous  faces  puis 
I'int^rieur  des  domaines  sont  enfin  mailMs  par  interpolation 
transfinie.  Le  respect  des  formes  gdomdtriques  est  assurd  par 
I'association  &  chaque  sous  face  situ^e  sur  la  pcau  de  la 
c''r, figuration,  d'un  ensemble  de  surfaces  CAO  sur  lesquels 
les  points  de  maillage  de  cette  demiire  sont  projetds  (fig.4). 

Des  m^triques  contrdlant  la  quality  des  maillages  sont  ensuite 
syst^matiquement  calculdes  et  visualisdes.  Cette  analyse  peut 
alors  conduire  au  remaillage  d'un  ou  plusieurs  blocs,  ou.  dans 
les  cas  les  plus  sdvires,  i  une  optimisation  locale  du  maillage 
12). 


En  phase  de  conception,  il  est  courant  de  devoir  effectuer  des 
calculs  sur  un  grand  nombre  de  geometries  voisines.  Afin  de 
rdduire  le  temps  de  generation  des  maillages  correspondanis, 
on  utilise  la  demarche  suivante  :  toutes  les  operations 
necessaires  4  la  fabrication  du  maillage  de  la  premiere 
configuration  sont  enregistrees  dans  un  fichier  de 
commandes  ;  pour  les  configurations  suivantes,  ces 
operations  sont  rejouees  automatiquement  ^  partir  des 
nouvelles  formes  CAO.  Cette  technique  permet  d'effectuer  le 
cycle  complet  maillage  caicul  en  2  ou  3  jours. 

Afin  de  simplifier  I'utilisation  des  codes  de  caicul,  les  fichiers 
de  sortie  de.s  outils  de  maillage  contiennent  non  seulement  les 
coordonnees  des  points,  mais  aussi  une  description  complete 
de  la  topologie  utilisee,  ainsi  que  des  conditions  aux  limites  a 
appliquer  sur  les  differentes  sous  faces.  Des  interfaces 
permettent  alors  de  generer  automatiquement  les  donnees 
specifiques  aux  differents  solveurs. 

1.3.  Les  codes  de  caicul  3D  pour  I'installation 
motrice 

I.J.J.  Mithode  de  sir.gularitis  surfaciques  ( FP3D ) 

La  mdthode  de  singularites  surfaciques  FP3D  (ecoulements 
tridimensionnels  de  fluide  parfait  subcritique)  est 
iniensivement  utilisee  dans  le  departement  Aerodynamique 
depuis  sa  mise  en  service  en  Janvier  1987. 

Dans  cette  methode,  le  fluide  est  suppose  non  visqueux, 
irrotationnel  et  faiblement  compressible  (ecoulement 
subcritique).  On  ne  s'interesse  qu'a  I'etat  stationnaire.  Les 
surfaces  des  corps  sont  maillees  en  panneaux  quadrilatdraux 
ou  triangulaires.  Chacun  de  ces  panneaux  peut  prendre  une 
forme  "pentafacette"  non  plane,  donnani  une  plus  grande 
precision  mais  couteuse  en  temps  de  caicul,  ou  bien  une  forme 
"monofacette"  plane  plus  economique. 

Les  configurations  traitees  sont  tres  variees  :  du  trontjon  de 
voilure  ^  I'avion  complet  avec  installation  motrice. 
hypersustentateurs,  trains  d'atterrissage  (fig.  5). 

Le  temps  de  caicul  varie  de  quelques  minutes  &  plusieurs 
heures  CPU  suivani  la  richesse  du  maillage  et  les  options  de 
caicul.  Typiquement,  un  caicul  avion  standard  (maillage  de 
5000  panneaux  sur  une  demi-g^ometrie)  necessite  une  demi- 
heure. 

L'utilisation  de  FP3D  s'^lend  des  calculs  d'analyse  et  de 
conception  pr61iminaires  (installation  motrice,  voilures,  avant- 
projets,  ...)  ^  la  prediction  des  donnees  aerodynamiques  de 
I'effet  de  sol,  en  passant  par  certains  calculs  de  charges,  pour 
des  geomeunes  de  complexity  varide. 

Couplde  avec  d'autres  mdthodes,  FP3D  permet  egalement  les 
calculs  de  givrage,  de  simulation  visqueuse  par  couplage  fort 
de  couche  limite,  d'optimisation  de  formes  par  minimisation 
sous  contraintes  (en  cours),  et  de  conception  en  mode  inverse. 

En  depit  de  la  pauvretd  de  la  moddlisation  physique  de 
recoulemcnt  (pas  de  choc  transsonique  en  particulier),  ce  type 
de  mdthode  conservera  loujours  un  intdret  fondamental  dans 
un  contexle  industriel.  Cet  intdret  rdside  dans  la  simplicity  et  la 
rapidity  de  mise  en  oeuvre  des  calculs  sur  maillages 
surfaciques,  qui  autorise  les  balayages  et  la  prdsdlection  de 
formes  complexes  inhdrents  &  toute  dtude  de  conception 
prdliminaire. 

Mdme  les  progrds  rdeents  des  mdthodes  transsoniques  plus 
complexes,  qui  exigent  en  particulier  de  gdndrer  des  maillages 
volumiques,  ne  remetient  pas  en  cause  ce  constat  mais 
rcnforcent  la  ndcessitd  pour  un  tel  code  de  singularitds  d'etre 
souple,  adaptable  k  tous  types  de  probldmes  nouveaux,  et 
surtout  facile  d'utilisation  et  (table. 
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1.3.2.  Elements  Finis  Transsonique  AS  ( EFT AS) 

Pour  le  calcul  d'^coulements  transsoniques,  Aerospatiale 
Avions  utilise  depuis  1985  le  solveur  EI^AS,  entiferement 
d^velopp^  en  interne  [3),  [4).  11  resout  I'dquation  du  potcntiel 
complet  par  une  methode  de  type  dldments  finis,  en  maillages 
non  structures.  Un  couplage  faible  avec  un  code  de  couche 
limite,  introduit  plus  recemment,  permet  de  simuler  les  effets 
visqueux  du  premier  ordre. 

EFTAS  utilise  une  approximation  trilineaire  isoparamdaique 
pour  le  potentiel,  et  constante  par  element  pour  la  densiie. 
Pour  les  ecoulements  portant'',  uiie  condition  de  Kutta- 
Joukowski  est  appliquee  afin  de  prevenir  tout  contoumement 
de  bord  de  fuite  :  un  saut  de  potentiel  est  impose  sur  les 
sillages,  de  fayon  a  assurer  I'egalite  des  pressions  intrados  et 
extrados.  Pour  propager  plus  rapidement  dans  I'ecoulement 
les  effets  des  sauts  de  potentiel,  et  ainsi  assurer  une 
convergence  plus  rapide  de  la  portance,  on  les  integre  k  la 
solution  globale  en  les  couplant  avec  des  solutions 
tourbillonnaires  eiementaires. 

Pour  palier  aux  difficuUes  numeriques  liees  ^  I'apparition 
d'une  poche  supersonique  dans  I'ecoulement,  un  terme  de 
viscosite  artificielle  via  un  ddcentrage  du  flux  de  masse  est 
ajoute.  Cette  viscosite  artificielle  s’est  parfois  averee 
insuffisante  pour  garantir  la  convergence  du  schema  dans  le 
cas  d'ecoulements  "difficiles"  en  maillage  fin.  Un  terme  de 
ddcentrage  amont  suppiementaire  est  alors  introduit  dans  les 
zones  supersoniques.  Ce  terme  stabilisateur,  issu  de 
I'interpretation  "pseudo-instationnaire"  de  I'algorithme  de 
resolution  iteratif,  disparalt  k  convergence. 

La  plus  grande  robustesse  qu'il  procure  au  schema  permet 
egalement  de  diminuer  la  quantite  de  viscosite  anificielle 
necessaire  ^  la  convergence  du  calcul,  et  ainsi  d'obtenir  des 
resultats  de  meilleure  qualite. 

La  resolution  du  systeme  non  lindaire  ainsi  obtenu  est  rdalisee 
&  I'aide  d'une  methode  iterative  de  point  fixe,  en  figeant  la 
densite  It  I'etape  precedente.  Lorsque  le  terme  stabilisateur 
suppiementaire  n'est  pas  utilise,  la  matrice  it  inverser  d  chaque 
iteration  est  symetrique  et  on  utilise  I'algorithme  classique  du 
gradient  conjugue,  pre-conditionne  par  decomposition 
incomplete  de  Cholesky.  Par  contre,  la  presence  du  terme  de 
decentrage  introduit  une  dissymetrie  dans  le  systeme,  qui  est 
alors  resolu  par  la  methode  GMRES. 

1.3.3.  Mithode  Euler  (SESAME) 

Pour  completer  sa  gamme  d'outils  de  calcul  d’ecoulements 
transsoniques,  Aerospatiale  Avions  dispose  egalement  de 
solveurs  Euler,  comme  le  code  SESAME,  developpe  i 
rONERA. 

Base  sur  la  technique  des  volumes  finis  en  maillages 
multidomaines  structures,  SESAME  resout  les  equations 
d'Euler  instationnaires  i  I'aide  d'un  schema  explicite  de  type 
Runge  Kutta  k  quatre  pas.  II  existe  en  version  'cell  vertex’  (5) 
et,  depuis  peu,  en  version  'cell  center'  |61,  version 
actuellement  utilisee  par  Aerospatiale  Avions. 

Le  schema  centre  est  stabilise  par  I'ajout  d'un  terme  de 
viscosite  artificielle  de  type  Turkel-Jameson.  Cette  viscosiie, 
composee  de  termes  du  second  et  du  quatrieme  ordre,  est 
appliquee  seiectivement  i  I'aide  de  senseurs  de  discontinuite. 

La  convergence  du  schema  est  acceieree  par  I'emploi  d'un  pas 
de  temps  local  et  I'introduction  d'une  phase  de  "lissage 
implicite  des  residus"  qui  permet  d'augmenter  le  coefficient 
Cf^  jusqu'li  des  valeurs  de  I'ordre  de  dix. 

Des  conditions  aux  limites  varides,  basees  sur  la  methode  des 
caracteristiques,  permettent  de  trailer  les  configurations  les 
plus  diverses,  et  notamment  les  configurations  motorisees  ou 
il  faut  simuler  un  debit  entrant  au  niveau  du  plan  fan,  et  des 
conditions  generatrices  paniculieres  dans  les  tuyeres. 


2.  TROIS  EXEMPLES  D' APPLICATION 

Introduction  :  Problemes  gtineraux  lids  e  I'installation 
motrice  sous  voilure 

L'installation  d'un  mat  et  d'une  nacelle  sous  une  voilu;e 
provoque  difftirents  types  de  pertui  bations  de  I'ecoulement 
autouT  de  la  voilure.  Certaines  de  ces  perturbations  sont 
d'ordre  global  sur  I'aerodynamique  de  I'avion  complet, 
d'autres  sont  au  depart  des  effets  locaux  propres  i  la  zone  de 
I'installation  motrice  mais  peuvent  en  se  degradant  entramer 
des  consequences  nefastes  sur  les  performances  globales  de 
I'avion  [7]. 

Les  effets  majeurs  sont  les  suivants  ; 

*  Effet  global  sur  la  parlance 

L'adjonction  du  mat  et  de  la  nacelle  a  la  voilure  modifie 
radicalement  la  forme  dcs  profils  siiues  dans  ceite  zone  ;  il  en 
resulte  une  forte  degradation  de  la  portance  locale  autour  du 
mat  d'oii  une  diminution  du  Cz  global  &  iso-incidence  (fig.  6). 
Pour  recuperer  la  valeur  de  Cz  qui  est  necessaire  k  I'avion, 
cette  perte  de  Cz  devra  etre  compensde  par  une  augmentation 
d'incidence  qui  aura  deux  consequences  majeures  : 

une  trainee  de  compressibilite  en  hausse  du  fait  de 
I'augmentation  des  charges  sur  certaines  parties  de  la 
voilure  (fig.  7), 

une  trainee  induite  ddgradee  du  fait  de  la  nouvelle 
repartition  de  charge  en  envergure  qui  s'eioigne  de  la 
repartition  elliptique  optimale. 

Il  s'agit  done  de  concevoir  un  ensemble  de  formes  (mat, 
nacelle,  voilure)  minimisant  cette  perte  de  Cz. 

*  E/fet  global  de  I'orientation  de  la  poussee  du 
moteur 

La  poussee  du  moteur  en  vol  peut  se  decomposer  en  2  panies  : 

-  une  composante  s'opposant  4  la  trainee 

-  une  composante  s’ajoutant  4  la  portance  (fig.  8) 

S'y  ajoutent  les  effets  aerodynamiques  induits  par  la  presence 
du  jet  qui  peuvent  eux-memes  varier  avec  la  direction  de  celui- 
ci. 

On  comprend  alors  pourquoi  il  est  primordial  de  bien  evaluer 
Tangle  de  ce  vecteur  poussee  si  on  desire  obtenir  une  bonne 
estimation  des  performances  aerodynamiques  de  I'avion. 

*  Effet  local  du  jet  moteur  sous  la  voilure 

La  taille  dcs  moteurs  augmentant  sans  cesse  par  rapport  aux 
dimensions  de  la  voilure  sans  pour  autant  que  la  garde  au  sol 
de  I'avion  complet  ne  puisse  etre  sacrifiee,  il  en  tesulte  que  la 
nacelle  (et  de  ce  fait  le  jet  d'air  chaud  sonant  de  la  tuyere)  est 
de  plus  en  plus  proche  de  Tintrados  voilure  (fig. 9)  :  les 
repartitions  de  pression  sur  le  tron^on  de  voilure  autour  du 
mat  sont  alterees. 

*  Effet  local  du  contoumement  de  I'intersection 
mat/voilure 

Le  contoumement  par  Tticoulement  du  cote  interne  du  mat 
exteme  4  Tintrados  d'un  avion  quadrimoteur  est  un  probieme 
difficile  car  fortement  tridimensionnel  (fig.  10)  du  fait  de 
plusieurs  facteurs ; 

a)  courbure  eievee  du  bord  d’attaque  intrados  du  profil 
voilure  sime  contre  le  mat. 

b)  courbure  eievde  du  bord  d'attaque  du  mat 

c)  effet  de  coin  du  mat  avec  le  diedre  de  la  voilure 

d)  situation  au  milieu  de  Taile  exteme  d'oii ; 

-  profil  voilure  transsonique  de  faible  epaisseur 

-  fonctionnement  4  Cz  local  eieve 

II  peut  rdsulter  de  ce  qui  prdcfcde  dcs  survitesses  trfcs 
importantes  4  la  jonciion  du  m4t  et  de  Tintrados  voilure  en 
croisiire  et  4  fortiori  4  grand  Mach  et  4  faible  Cz. 
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Nous  aliens  maintenant  examiner  trois  exemples  ou 
I'udlisation  des  m^thodes  de  calcul  dtoites  pr^ddemment  a 
pemiis  une  bonne  estimation  du  comportement  de  I'installation 
motrice  dans  la  r6alitd.  Tout  d'abord,  nous  verrons  comment 
les  calculs  FP3D  et  EFTAS  sur  avion  complet  A340  ont 
permis  de  pr^dire  et  de  corriger  les  problbmes  de 
contoumement  de  mat  exteme  par  des  modifications  locales  de 
I'intrados  voilure  appeMes  plastrons.  Puis,  nous  ^tudierons 
I'influence  la  taille  d'un  moteur  k  grand  taux  de  dilution  et 
son  effet  de  jet  sur  la  voilure  A34u  k  travers  les  calculs 
SESAME  simulant  le  jet  en  sortie  de  tuykre.  Enfin,  nous  nous 
intkresserons  au  calcul  de  I'orientation  du  vecteur  pousske 
d'un  moteur  k  grand  taux  de  dilution  par  le  code  SESAME 
compark  aux  essais  du  motoriste. 

2.1.  Ecoulement  dans  la  zone  de  I'intersection 

mat/voilure 

Dans  le  cadre  de  la  mise  au  point  de  I'avion  A340,  un 
dkcollement  k  fort  Mach  et  a  faible  Cz,  localisk  k  I'intrados 
voilure,  cotk  interne  du  mat  exteme,  a  provoquk  sur  I'avion 
des  vibrations  d'origine  akroelastique. 

Nous  prksentons  ici  la  synthkse  des  ktudes  menkes  k 
Akrospatiale  pour  remkdier  k  ce  problkme.  Ces  ktudes  ont 
abouti  k  la  conception  de  formes  tridimensionnelles  modifiant 
I'intrados  voilure  et  se  raccordant  sur  la  paroi  interne  du  mat 
exteme.  De  part  leurs  caraetkristiques,  ces  formes  ont  ktk 
appelkes  "plastrons  de  voilure". 

2.1 .1 .  Mise  en  Evidence  du phinonUne airodynamique 

Des  essais  en  soufflerie  et  des  caiculs  de  simulation  de 
I'kcoulemeni  ont  montrk  des  survitesses  importantes  k 
I'intersection  entre  le  cotk  interne  du  mat  exteme  et  I'intrados 
voilure  (fig.  1 1)  k  grand  Mach  et  k  faible  Cz  en  frontikre  de 
domaine  de  vol. 

Les  principales  causes  de  ce  phknomkne  sont  likes  a  la 
prksence  de  I'installation  motrice  sur  I'  aile  exteme  optimisike 
en  aile  lisse  qui  a  la  particularitk  d'avoir  un  profil  cambrk  de 
faible  rayon  de  bord  d'attaque  intrados  favorisant  la  survitesse 
k  faible  Cz. 

2.1. 1 -a  Essais  en  soufflerie 

Divers  essais  sur  la  configuration  de  base  (avion  n°I)  se  sont 
dkroulks  ces  dernieres  annkes  dans  la  soufflerie  SI  de 
rONERA  k  Modane  avec  une  demi-maquette  A340 
d' Aerospatiale  et  une  maquette  compikte  A340  de  Deutsche 
Airbus  Aerospace,  ainsi  que  dans  la  soufflerie  transsonique 
TWT  (9  ft  X  8  ft)  de  I'A.R.A.  k  Bedford  avec  une  demi- 
maquette  A340  de  British  Aeros|jace. 

L'examen  dcs  rkpartitions  de  pression  Cp=f(x/c)  dans  la 
section  d'essai  la  plus  proche  du  c6tk  interne  du  mat  pour  une 
des  maquettes  confirme  que  I'installation  motrice  exteme 
induit  une  forte  survitesse  k  I'intrados  k  faible  Cz  (fig.  12  ). 

Lorsque  le  Cz  diminue  encore,  on  constate  que  la  survitesse 
augmente  puis  s'effondre,  ce  qui  traduit  I'apparition  du 
dkcollement. 

On  met  en  kvidence  sur  la  configuration  de  base  ces 
dkcollements  avec  des  visualisations  k  I'huile  : 

-  Mach=M^  et  faible  Cz  :  dkcollement  naissant  k  I'intrados 
voilure,  c6tk  interne  du  mkt  exteme  (  x/c=5%  )  se 
propageant  sur  I'intrados  voilure  (fig.  13) 

-  Cz  de  croisikre  ;  I'kooulement  reste  attachk  (fig.  14  ) 

Lorsque  I'on  augmente  le  Cz  de  la  maquette  en  dynamique  par 
variation  continue  de  I'incidence,  on  constate  la  brutalitk  avec 
laquelle  i'kcoulement  recolle  au  passage  d'un  Cz  critique. 

Les  essais  montrent  kgalement  qu'k  Mach=Mj  et  faible  Cz  le 
dkcollement  est  gknkralisk  sur  I'intrados  entre  le  mat  et  le  Flap 
Track  Fairing. 


2.1.1- b  Essais  en  vol 

Dcs  visualisations  par  fil  de  laine  lors  des  essais  en  vol  de 
I'avion  n°l  mettent  en  kvidence  la  poche  de  dkcollement  k 
I'intrados  de  la  voilure.  Des  mesures  de  pression  rkaliskes  lors 
du  mcme  vol  montrent : 

a)  des  survitesses  klevkes  k  I'intrados  voilure  cotk  interne  du 

mat  exteme  (fi?.  15  ),  . 

b)  le  pic  de  survitesse  prksent  a  M=Mjjjq  au  Cz  de  croisiere 

s'effondre  k  faible  Cz.  Cette  chute  des  pressions  traduit 
I'apparition  du  dkcollement  dans  la  section  voisine  du  mat 
(fig.  16  ). 

2././-C  Calculs 

Ces  survitesses  au  point  de  croisikre  sont  mises  en  kvidence 
par  un  calcul  avec  la  mkthode  Elkments  Finis  Transsoniques 
Akrospatiale  (EFTAS)  tenant  compte  de  I'effet  de  viscosite 
(hors  dkcollement).  La  fig.  1 1  montre  que  les  survitesses  max 
k  I'intrados  se  situent  cotk  interne  du  mat  exteme.  L'examen 
de  tracks  Cp=f(X/C)  de  3  coupes  dans  la  voilure  voisines  du 
mat  (y=  16. ;  16.15  ;  16.32  m)  rkvkle  (fig.  17) : 

a)  une  survitesse  importante  dans  la  section  centre  le  mat 
(y=l  6.32m), 

b)  une  attknuation  trks  rapide  en  envergure  de  cette  survitesse 
:  elle  disparait  en  30  cm  k  I'kchelle  avion. 

Le  phknomkne  s'accentue  k  plus  faible  Cz  ;  un  calcul  EFTAS 
au  point  oil  les  problkmes  apparaissent  en  vol  montre  dans  la 
section  la  plus  critique  (y=  16.32  m)  une  survitesse  importante 
(pi.  18). 

2.1.2.  Conception  du  plastron  de  voilure  "Al" 

(comparaison  calculs  /  soufflerie  /  vol) 

2.1.2- a  C6om£trie 

Pour  remkdier  au  problkme  prkekdent,  I'Aerospatiale  a 
proposk  un  carknage  de  voilure  appelk  "plastron".  11  s'agit 
d'une  surface  rkglke  suivant  I’axe  y  joignant  la  paroi  cotk 
interne  du  mat  k  I'intrados  de  la  voilure.  Ce  plastron,  dkfini  et 
testk  en  soufflerie  par  Akrospatiale  est  appelk  plastron  Al.  La 
forme  en  plan  est  donnke  fig.  19 , 3  coupes  en  y  (15.60  ;  16  : 
16.32  m)  de  I'ensemble  plastron/voilure  sont  donnkes  fig.  20 
et  3  coupes  en  x  (10.8  ;  1 1  .4;  12.4  m)  fig.  21.  On  note  : 

a)  le  bord  d'attaque  du  plastron  Al  consiste  en  une  rampe 
faisant  un  angle  de  5  k  6  degrks  avec  le  profil  de  base  ce 
qui  a  pour  effet  de  rkduire  la  courbure  locale  du  profil  et 
done  de  diminuer  les  survitesses  dues  au  contoumement 
(fig.  20), 

b)  le  plastron  commence  trks  tot  (x/c=  5  %)  dans  la  section 
voisine  du  mat  (y= 16.32  m)  de  fa^on  a  ce  que  la  reduction 
de  courbure  qu'il  induit  se  produise  au  niveau  de  la 
survitesse  max  sur  le  profil  k  y=16.32  m  (fig.  19), 

c)  le  plastron  s'kiend  dans  la  direction  y  (1  m  a  I'kchelle 
avion)  avec  des  pentes  faibles  de  fa?on  k  rkduire  I'effet  de 
coin  entre  le  mat  et  le  dikdre  de  la  voilure  (fig.  19  et  2 1 ), 

d)  le  plastron  s'ktend  jusqu'k  la  limite  des  volets  dans  la 
direction  x  (3  m  k  I'kchelle  avion  )  afin  d'avoir  des  pentes 
de  rktreint  suffisamment  faibles  et  d'kviter  de  ce  fait  un 
dkcollement  local  sur  la  panic  arrikre  (fig.  19  et  20). 

2.1.2- b  Calculs 

La  configuration  avec  plastron  a  ktk  calculke  avec  le  code 
EFTAS  au  point  k  un  (  fig.  22)  et  k  un 

point  de  faible  Cz  (fig.23).  Les  rkpartitions  de  pression  sur  3 
coupes  voisines  du  c6tk  interne  du  mat  montrent  que  le 
plastron  Al  tend  k  rkduire  la  survitesse  au  bord  d'attaque 
intrados.  L'effet  est  plus  important  au  Cz  de  croisikre  qu'k 
faible  Cz  (rig.22  et  23). 
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2.1.2- C  Essais  en  soi^erie 

La  configuration  "avec  plastron  Al"  a  &\.6  testde  i  SlMa  par 
AS  et  k  I'A.R.A.  par  BAe  au  cours  dcs  essais  decrits  au 
paragrapbe  2-1-1 -a.  Dans  les  2  cas  on  constate  la  disparition 
du  ddcolletnent  present  sur  la  configuration  de  base.  Cc 
phdnom^ne  a  6t6  illustrd  a  I'A.R.A.  par  des  visualisations  ^ 
I'huile  de  couleur  (fig.  24  et  25)  qui  montrent  pour  les  cas  k 
grand  Mach  et  faible  Cz  que  le  plastron  Al  a  pour  effet  de 
recoller  I'&oulement  i  la  jonction  voilure/mat. 

Les  pesdes  globales  effectudes  sur  les  configurations  avec  et 
sans  plastron  it  I'A.R.A.  sont  en  bon  accord  avec  celles 
n^alis^s  par  Adrospatiale  k  Modane.  Le  plastron  a  pour  effet 
de  rdduire  la  zone  ddcollde  ce  qui  se  traduit  par  rapport  ^  la 
configuration  de  base  par  un  gain  ACx  d'autant  plus  fort  que 
le  Cz  est  faible. 

L'effet  du  plastron  Al  sui"  la  portance  teste  faible. 

2.1.2- d  Essais  en  vol 

Suite  aux  rdsultats  des  essais  prdcddents,  il  a  dtd  ddcidd  de 
tester  le  plastron  en  vol  sur  I'avion  n°l.  La  forme  a  dtd  rdalisde 
sous  forme  de  gabarits  en  bois  dans  les  2  sens  x  et  y,  collds  ^ 
I'intrados  de  la  voilure  et  remplis  de  mousse.  La  section  la 
plus  critique  (y=  16.32  m)  contre  le  mat  a  dtd  renforcde  par  une 
plaque  de  mdtal  se  terminant  en  biseau  (fig.26).  On  remarque 
que  le  plastron  Al  commence  i  la  limite  de  la  feme  du  bee  n°4 
(fig.26  haut). 

Les  essais  en  vol  ont  confirmd  l'effet  positif  prddit  par  les 
essais  en  souffleries  :  on  constate  en  presence  du  plastron  Al 
une  suppression  des  vibrations  adrodlastiques  it  faible  Cz  ce 
qui  confirme  que  le  ddcollement  intermittent  it  la  jonction 
voiluie/mat  a  disparu. 

Des  prises  de  pression  situdes  dans  la  section  critique 
(y= 16.32m)  montrent  que  le  pic  de  survitesse  qui  s'cffondre 
sur  la  configuration  de  base  se  maintient  en  prdsence  du 
plastron  pour  des  Mach  bien  plus  dlevds  et  des  Cz  plus 
faibles. 

A  la  suite  de  ces  essais,  I'avion  n°l  a  ouvert  la  totalitd  du 
domaine  de  vol  et  notamment  le  point  le  plus  critique  (M=0.93 
/  Vc=365  kts). 

Le  plastron  Al  a  dtd  adoptd  comme  solution  de  sdrie  sur  les 
avions  A340-200  et  -300. 

2.]. 3.  Ameliorations  potentielies  du  plastron  A I  :  les 
plastrons  BetC  (calculs) 

Si  le  plastron  Al  rdsout  en  partie  les  probldmes  de  vibrations 
en  supprimant  le  ddcolletnent,  on  constate  en  examinant  les 
prises  de  pression  en  vol  qu'il  ne  rdduit  que  faiblement 
I'intensitd  de  la  survitesse,  ce  qu'indiquait  le  calcul  EFTAS  k 
faible  Cz  (fig.  23).  line  nouvelle  famille  de  plastrons  a  done 
dtd  envisagde  dans  le  but  d'obtenir  : 

a)  un  plastron  robuste  au  ddcollement  it  faible  Cz  ce  qui  se 
traduit  par  une  idduction  de  la  survitesse  au  bord  d'attaque 
intrados, 

b)  un  plastron  de  taille  rdduite  au  maximum  pour  libdrer 
I'ac^s  de  certaines  trappes  de  visite  de  la  voilure  et  limiter 
les  probldtnes  d'industrialisation. 

2. 1.3 - a  Plastron  B 

Les  calculs  EFTAS  et  les  pressions  mesurdes  en  vol  montrent 
une  survitesse  max  situde  entre  2  et  3  %  de  la  corde  k  y=16.32 
m  alors  que  le  plastron  Al  ne  commence  qu'&  x/c=S  %.  La 
modification  de  courbure  induite  par  Al  est  done  trop  tardive, 
ce  qui  peut  expliquer  la  faible  rdduction  de  la  survitesse 
intrados. 


Le  plastron  B  possdde  les  caraetdristiques  suivantes  : 

a)  la  trace  sur  la  voilure  est  plus  avanede  que  celle  du 
plastron  Al  (fig.  27)  4  2.5  %  de  la  corde  4  y=16.32  m  :  la 
courbure  est  r^uite  beaucoup  plus  tot  sur  les  sections  de 
voilure  (fig.  28), 

b)  dimension  rdduite  en  y  (fig.  27), 

c)  gdndration  rdglde  selon  y. 

Un  calcul  EFTAS  au  point  critique  montre  que  la  survitesse 
induite  par  le  plastron  B  est  fortement  rdduite  dans  les  sections 
proches  du  mat,  notamment  a  y=16.32  m  par  rapport  au 
plastron  Al  (fig  29). 

2.1.3-b  PlastronC 

Le  plastron  B  donne  Jusqu'^  prdsent  les  meilleurs  rdsultats 
mais  a  un  encombrement  dquivalent  au  Al.  On  a  cherche  a 
rdduite  la  taille  du  B  tout  en  conservant  son  effet  positif  sur  la 
survitesse.  Le  plastron  C  prdsente  les  caraetdristiques 
suivantes : 

a)  meme  trace  sur  le  mat  que  le  B, 

b)  forme  en  plan  identique  au  B  entre  le  mat  et  y=16.  m  au 
bord  d'attaque  et  au  bord  de  fuite  (fig.  30), 

c)  dimension  rdduite  en  y  par  troncature  de  la  forme  en  plan 
du  B  i  y=15.9  m  (fig.  30), 

d)  gdndration  rdglde  selon  y  :  le  profil  &  y=16.32  m  resle 
proche  du  B  ;  les  autres  sont  fortement  modifies  (fig.31). 

Le  calcul  EFTAS  ^  faible  Cz  montre  que  : 

a)  la  survitesse  n'augmente  pas  dans  la  section  la  plus 
critique  (y=16.32  m)  malgrd  la  forte  reduction  de  taille  du 
plastron  (fig. 32) 

b)  la  situation  se  degrade  i  y=16.  m  (fig.  32)  ce  qui  est 
logique  lorsque  Ton  constate  qu'avec  le  plastron  C,  le 
profil  ^  y=16.  m  est  trds  peu  modifid  (fig.  31). 

Le  plastron  C  semble  done  prometteur  car  i!  offre  des 
performances  supdrieures  au  plastron  Al  avec  un 
encombrement  rdduit  de  moitid. 

2.2.  Moteur  4  trds  grand  taux  de  dilution 

2.2.1 .  Effet  de  taille  par  rapport  d  un  moteur  classique 

L'dtude  et  la  realisation  des  avions  bi-moteurs  gros  porteurs 
demande  le  ddveloppement  de  moteurs  de  plus  en  plus 
puissants.  De  plus,  le  ddsir  de  reduire  la  consommation 
spdcifique  des  moteurs  pousse  les  moioristes  k  augmenter  le 
taux  de  dilution.  Ces  deux  parametres  conduisent  a 
I'augmentation  de  la  taille  des  moteurs  et  notamment  celle  des 
fans.  Ceux-ci  atteignent  ddsormais  100  pouces  pour  les  avions 
volant  actuellement  et  plus  de  120  pouces  pour  les  avions  en 
dtude. 

Les  moteurs  de  ces  appareils  sont  gdndralement  fixds  sous  les 
ailes.  La  place  disponible  sous  voilure  est  limitde.  Par 
consdquent,  I'augmentation  de  la  taille  des  moteurs  rend  de 
plus  en  plus  critique  leur  integration.  Celle-ci  fait  I'objet  d'une 
etude  poussee  comprenant  une  partie  experimentale  et  une 
partie  theorique  mendes  de  ftont. 

L'objectif  de  cette  partie  de  I'etude  est  de  comparer  I'impact 
sur  I'avion  de  deux  moteurs  differents  ;  I'un  de  la  generation 
actuelle  d'un  diamitre  fan  approchant  les  100  pouces,  I'autre 
de  la  prochaine  generation  atteignant  les  115  pouces  de 
diametre.  Cette  etude  a  ete  menee  pour  plusieurs  positions 
differentes  sous  la  voilure  du  moteur  de  grande  taille. 
L'impact  sur  I'integration  motrice  a  ete  estime  en  termes  de 
trainee  d'installation  et  de  modification  de  repartition  de 
pression  It  la  surface  de  la  voilure. 

Un  des  probiemes  dominant  de  ce  genre  d'installation  est  la 
garde  au  sol  restante  sous  le  moteur.  Pour  cela,  le  paramitre 
hauteur  relative  axe  nacelle  /  repeic  voilure  est  particulieiement 
intdressant. 
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La  figure  33  monire  les  diff6rentes  positions  en  Z  du  moteur  k 
fort  taux  de  dilution  vis  il  vis  du  moteur  actucl.  La  localisation 
la  plus  basse  correspond  4 1'alignement  des  deux  nacelles  sur 
le  tneine  axe  et  constitue  la  position  de  base. 

La  figure  34  illustre  les  hearts  de  trainee  d'installation 
observes  d’une  configuration  4  I'autre.  Ces  effets  sont 
relativement  faible  en  amplitude.  Les  perturbations  (et  par 
suite  la  trainee  d'installation)  augmentent  avec  la  taille  du 
moteur,  I'optimisation  de  la  position  en  z  ne  parvient  pas  4 
compenser  ce  surcroit  de  trainee  par  rapport  4  un  moteur  de 
taille  moyenne. 

Les  figures  35  et  36  repr6sentent  les  distributions  de  Kp 
autour  de  la  voilure  pour  les  diffdrentes  configurations  de 
I'dtude  :  aile  lisse,  moteur  classique  installi,  moteur  fort  taux 
de  dilution  position  de  base,  moteur  fort  taux  de  dilution 
position  rapproch6e  et  moteur  fort  taux  de  dilution  position 
tr4s  rapprochee.  Les  sections  instrumentdes  montrdes 
encadrent  le  mat  moteur.  Le  nombre  de  prise  de  pression  varie 
d'une  configuration  4  I'autre  en  function  des  incidents  d'essai. 
Ceci  peut  modifier  failure  des  tracds  de  fa^on  imponante  sans 
pour  autant  cotrespondre  4  une  rdalitd  physique.  Seuls  les 
symboles  pointds  indiquent  les  prises  opdrantes.  D'autre  part, 
ces  idpartitions  de  Kp  sont  interprdtdes  en  I'absence  d'effet  de 
jet  :  les  nacelles  utilisdes  durant  les  essais  sont  des  nacelles 
permdables.  Enfin,  le  point  d'essai  indiqud  correspond  4  un 
cas  de  vol  en  croisidre. 

A  I'extrados  de  la  voilure,  I’augmentation  de  taille  du  moteur 
amplifie  les  phdnomenes  lids  4  une  installation  classique. 
Ainsi,  la  ddcroissance  de  la  zone  de  grandes  vitesses  du  bord 
d'attaque  csl  amplifide  alors  que  le  plateau  de  pression  faisam 
suite  est  Idgdrement  rehaussd.  Ceci  est  d'autant  plus  vrai  que 
le  moteur  est  proche  de  la  voilure. 

A  I'intrados  les  phdnomdnes  sont  plus  complexes  : 
I'installation  d'un  moteur  de  taille  normale  fail  acedidrer  plus 
rapidement  I'dcoulement  aprds  le  bord  d'attaque  du  cotd 
interne  du  mit  pour  ensuiie  recomprimer  lentement  jusqu'au 
niveau  de  pression  de  la  voilure  lisse.  La  mise  en  place  d'un 
moteur  de  grande  taille  en  position  basse  permet  4 
I'dcoulement  d'accdldrer  plus  lentement  au  bord  d'attaque.  La 
recompression  qui  suit  est  plus  brutale  mais  le  niveau  final  est 
ideniique. 

Le  rapprochement  moteur  /  voilure  ne  modifie  pas  failure  de 
la  recompression.  Par  contre,  faccdldration  faisant  suite  au 
bord  d'attaque  est  de  plus  en  plus  brutale  du  cold  interne  du 
mat.  Du  cold  exteme  du  mat,  les  phdnomdnes  sont  plus 
moddrds.  Leur  impact  va  dans  le  sens  logique  :  plus  le  moteur 
est  petit  ou  dioignd,  plus  la  rdpartiiion  de  Kp  est  proche  de 
celle  de  la  voilure  lisse. 

2.2.2.  InfluenCi.  sur  la  voilure  et  effet  de  jet  (comparaison 
calculs  I  soufflerie) 

La  simulation  numdrique  foumit  un  compidmeni  intdressant 
aux  essais  en  soufflerie,  pour  I'dtude  adrodynamique  de 
nouveaux  concepts  tels  que  finidgraiion  de  moieurs  4  fort  taux 
de  dilution.  En  effet,  les  rdsultats  expdrimentaux  sont  limiids 
de  par  la  relative  pauvreid  de  fdquipement  des  maquettes.  Par 
le  calcul,  on  acedde  aux  grandeurs  adrodynamiques  en  tout 
point  de  la  surface  de  I'avion,  mais  dgalement  en  tout  point  de 
I'espace.  Par  des  visualisations  approprides,  la  comprdhension 
de  I'dcoulenKnt  peut  alors  dtre  grandement  facilitde.  Mais, 
avant  d'en  arriver  14,  il  importe  de  bien  valider  le  code 
d'analyse  adrodynamique  utilisd,  ce  que  fon  se  propose  de 
faire  dans  ce  paragraphe  4  I'aide  de  comparaisons  calculs 
essais. 

Les  contraintes  d'encombrement  introduites  par  ces  nouveaux 
moteurs  conduisent  4  les  placer  plus  prds  de  la  voilure.  Cette 
proximitd  sc  traduit  par  une  interaction  adrodynamique  plus 
forte,  en  particulier  entre  le  jet  issu  du  rdacteuret  la  voilure.  II 
est  done  essentiel  de  soigner  la  moddlisaiion  du  jet,  si  fon 
veut  dvaluer  finieraction  tk  fafon  comecte. 


La  technique  habituellement  utilisde,  dite  de  jet  figd,  consisie  a 
reprdsenter  ce  dernier  par  une  surface  solide  sur  laquelle  on 
dcrit  une  condition  de  glissement  (fig.  37).  Cette  technique 
simple,  bien  adaptde  au  code  EFTAS,  conduit  dans  la  plupart 
des  cas  4  de  bons  rdsultats.  Pour  plus  de  rdalisme,  il  est 
ndeessaire  de  passer  au  modele  Euler.  Celui  ci  permet  de 
reprdsenter  la  gdomdtrie  exacte  des  tuyeres  et  d'y  imposer  des 
conditions  gdndratrices  reprdsentatives  du  fonctionnement  du 
rrxjteur.  Le  jet  se  forme  alors  naturellement,  il  est  capturd. 

Ces  deux  techniques  ont  dtd  compardes  4  I'aide  du  code 
SESAME  sur  la  configuration  bimoteur  4  fort  taux  de  dilution, 
dont  on  a  dtudid  les  essais  en  soufflerie  au  paragraphe 
prdeddent.  Les  maillages  utilisds  pour  cette  comparaison 
(fig.  38  et  39),  relativement  grossiers  mais  homogenes, 
component  respectivement  26()000  et  270000  points  sur  le 
demi-avion.  Le  point  de  calcul  choisi,  Mach=0.82  a=1.65°, 
pour  un  rdgime  TPS  de  38000  tours/mn,  correspond 
rigoureusement  a  fun  des  point  soufflerie. 

Les  figure  40  et  41  montre  fdvolution  du  Cp  sur  quatre 
sections  voilure  situdes  de  part  et  d'autre  du  mat, 
respectivement  pour  les  essais  el  pour  les  deux  calculs 
prdeddents. 

On  constate  que  le  modele  jet  capturd  conduit  4  de  bien 
mcilleurs  rdsultats ; 

a)  Sur  le  cotd  interne  du  mat,  a  I'intrados.  la  technique  jet 
figd  produit  un  systeme  de  double  accdldration 
recompression,  trds  marqud  pres  du  mat  (y/b=0.231)  mais 
s'dtendant  dgalement  assez  loin  vers  I'emplanture 
(y/b=0.134).  Ce  componement,  qui  n'est  pas  du  tout  mis 
en  dvidence  par  les  essais,  disparait  en  moddle  jet  capturd 
pour  lequel  on  obtient  un  meilleur  recoupement. 

b)  A  I'intrados  cotd  exteme  du  mat,  le  figeage  du  jet  se 
traduit  par  une  surdvaluation  de  la  pression  qui  s'dtend  sur 
une  zone  allant  du  bord  d'attaque  jusqu'a  environ  30%  de 
cordc  (y/b=0.271).  L4  encore  la  capture  du  jet  permet 
d'obtenir  des  rdsultats  plus  corrects. 

c)  Les  niveaux  de  survitesse  calculds  sur  I'extrados  de  la 
voilure  sont  enfin  assez  nettement  plus  proches  des  essais 
lorsque  le  jet  est  capturd. 

Au  vu  de  ces  rdsultats,  il  apparait  que  le  choix  d'une 
moddlisaiion  par  jet  figd  nest  pas  adaptd  pour  cette 
configuration  ou  I'interfdrence  jet  voilure  est  imponante.  La 
forme  arbitraire  que  fon  donne  au  jet  n'est  pas  suffisamment 
rdaliste  et  conduit  a  une  degradation  des  rdsultats,  comme  on  a 
pu  le  constater  non  seulement  sur  I'intrados  mais  aussi  sur 
i'extrados  de  la  voilure.  Pour  ce  type  de  configuration,  la 
capture  du  jet  est  preferable  memc  si  cela  doit  se  traduire  par 
une  plus  grande  complexite  dans  la  gendration  des  maillages. 

Les  rdsultats  de  calcul  montrds  prdeddemment  font  encore 
apparaitre  cenaines  diffdrences  par  rappon  aux  essais.  Si 
certaines  d'entres  elles  peuvent  etre  attribudes  a  I'absence  de 
moddlisaiion  des  effets  visqueux  (voisinage  du  bord  de  fuite). 
d'autres  semblent  dues  4  la  grossidretd  des  maillages  utilises 
(chocs  lissds,  niveau  des  plateaux  de  survitesse  extrados  trop 
faible).  Pour  le  vdrifier,  un  calcul  en  maillage  fin  a  dtd  effectud 
sur  la  configuration  motori.sde  complete,  pour  les  memes 
conditions  de  vol,  Le  nouveau  maillage  est  constitud  de  51 
domaines  pour  un  total  de  14()0(X)()  points.  La  figure  42  en 
visualise  la  trace  surfacique  et  donne  une  idde,  par 
comparaison  avec  la  figure  .39,  de  fdtendue  du  raffinement  qui 
a  dtd  opdrd. 

Le  champ  de  pression  obtenu  est  illusird  par  les  figure  43  et 
44.  On  note  la  forme  particulidre  de  la  poche  de  survitesse  sur 
I'extrados  voilure  au  droit  de  fintersection  avec  le  mat.  Le  jet 
issu  du  rdacteur  est  reprdsentd  par  des  lignes  iso  pression 
totale  dans  un  plan  de  coupe  horizontal.  La  planche  44  montre 
le  champ  de  Mach  sur  le  moteur  et  sur  le  mat.  La  trace  du  jet 
secondaire  sur  le  mat,  dont  la  frontidre  est  matdrialisde  par  une 
discontinuitd  de  vitesse,  met  en  dvidence  un  systdme  complexe 
de  ddtentes  et  de  recompressions  successives,  que  I'on 
retrouve  aussi  sur  le  capot  moteur.  Le  jet  primaire,  moins 
dnergdtique  conduit  4  des  Mach  locaux  plus  faibles, 
insuffisants  pour  amorcer  la  tuydre. 
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Pour  quantifier  le  gain  append  par  le  raffinement  du  maillage, 
on  presence  maintenant  les  repartitions  de  pression  sur  les 
quatre  sections  voilure  deja  exploitees  precedemment  (fig.  45 
et  46) : 

a)  Pour  ce  qui  est  de  la  capture  des  chocs  sur  I'extrados  de  la 
voilure,  on  obtient  bien  I'effet  de  raidissement  escompte. 

b)  Le  niveau  de  la  survitesse  extrados,  s'il  est  encore  un  peu 
faible  par  rapport  aux  essais,  est  ndanmoins  grandement 
ameiiore  en  maillage  fin.  En  particulier  le  pic  tits  local  qui 
apparait  entre  0%  et  10%  de  corde  sur  la  section 
y/b=0.231  n'ttait  qu'esquissd  en  maillage  grossier.  II  est 
maintenant  beaucoup  mieux  capture. 

Ces  ameliorations  ne  se  reduisent  bien  evidetnment  pas  it  la 
seule  voilure.  Pour  s'en  convaincre,  on  a  trace  revolution  du 
coefficient  de  pression  sur  trois  sections  du  capot  moteur  sur 
lesquelles  des  resultats  d'essais  etaient  egalement  disponibles 
(fig.  47). 

Les  courbes  obtenues  en  maillage  fin  sont  beaucoup  plus 
contrastees  : 

a)  Le  componement  en  double  detente  recompression  reveie 
par  la  courbe  experimetii  'le  0=330°  (il  n'est  pas  visible 
sur  la  courbe  6=180°  en  raison  d'un  trap  faible  nombre  de 
prises  de  pression),  est  bien  reproduit  en  maillage  fin, 
avec  neanmoins  un  petit  decalage  par  rapport  aux  essais, 
alors  qu'il  avait  ete  completement  lisse  en  maillage 
grossier. 

b)  La  legtre  inflexion  qui  apparait  dans  la  premiere  detente 
pour  0=180°  n'est  de  meme  obtenue  qu'en  maillage  fin. 

c)  Pour  6=30°,  la  comparaison  est  moins  bonne,  mais 
failure  generale  de  la  courbe  reste  satisfaisante. 

Ces  calculs  montreni  I'interet  du  modtle  Euler  pour  la 
simulation  d'ecoulements  autour  de  configurations  motorisees 
en  forte  interaction.  Pour  ce  type  de  configurations,  la 
technique  par  jet  fige  habituellement  utilisee  en  potentiel 
complet  montre  en  effet  ses  limites. 


-  La  deuxibme  etape  sera  I'etude  de  la  nacelle  installee.  Nous 
nous  int6resserons  ^  I'impact  sur  la  circulation  autour  de  la 
voilure  au  voisinage  de  la  nacelle  et  I'effet  de  I'installation 
sur  ffcoulement  interne  et  le  jet  en  sortie  de  tuyere,  Cette 
etude  fera  I'objet  de  d6veloppements  dans  des  articles 
ulterieurs. 

2.3.2.  Prediction  de  I'orientation  du  vecieur  poussie 
(comparaison  calculs  /  soufflerie) 

L'orientation  de  la  poussee  d'une  tuyere  peut  etre  evaluie  a 
partir  d'un  resultat  de  simulation  numdrique  de  I'ecoulement 
avec  le  code  SESAME. 

Par  definition,  la  poussee  conventionnelle  d'une  tuyere 
debouchant  dans  une  atmosphere  de  pression  statique 
ambiante  p^  est: 

F  =  J(p-p3)dS-tp(V»dS)V 

s 

Elle  comporte  I'integral,  sur  une  surface  S.  de  la  quantite  de 
mouvement  k  laquelle  on  enleve  le  terme  I  p^dS  |  pour  prendre 

en  compie  I'effet  de  la  pre.ssion  ambiante  sur  les  parois 
extemes  du  moteur. 

Pour  avoir  un  bilan  global  de  toutes  les  forces  agissant  sur  les 
parois  internes  de  la  tuyere,  cette  integration  est  effectuee  a  la 
section  de  sortie,  pour  chacune  des  trois  composantes  de  la 
poussee.  En  systeme  de  coordonnees  canesiennes,  on  obtient 


||(p-P3)dSj+p(udSjj+vdSy-twdS^)u] 

Ssortle 

Fy=  J((p-Pg)dSy+p(udS,+vdSy+wdS^)v) 
Ssortle 


Ce  module  permet  en  outre,  par  une  representation  realiste  des 
tuyeres  et  des  jets  qui  en  sont  issus,  d'acceder  ^  des  grandeurs 
caracteristiques  comme  la  pioussee,  ce  qui  ouvre  la  pone  4  des 
etudes  d'integration  motrice  fines  comme  on  va  le  voir  au 
paragraphe  suivant. 

2.3.  Vecteur  pouss6e 

2.3.1.  ! merit  de  i'etude 

Des  mesures  sur  banc  au  sol  ont  montre  que  certains  moteurs 
deiivraient  une  poussee  dont  le  vecieur  s'eioignait  de  I'axe 
nacelle  de  quelques  degres.  Cette  constatation  a  amene  les 
gens  4  s'interroger  sur  I'effet  de  cette  deviation  sur  I'avion 
(fig.  48) :  est-ce  penalisant,  et,  si  oui,  de  combien  en  terme  de 
consommation  specifique. 

Ces  questions  font  appel  ^  des  analyses  aerodynamiques  et  ^ 
des  probiemes  de  performance  moteur. 


F^=  J|(p-p^)dS^-i-p(udS^+vdSy-t-wdS^)w] 

Ssortle 

Ces  calculs  sont  effectues  par  un  outil  de  post-traitement  des 
resultats  du  code  Sesame.  11  determine  d'abord  les  points 
d'intersection  entre  le  maillage  et  un  plan  de  coupe, 
noiamment  le  plan  de  sortie  de  la  tuyfere.  Les  variables, 
definies  aux  nocuds  du  maillage,  sont  transferees  par 
interpolation  aux  points  du  plan  d'intersection,  et  ensuite  aux 
centres  des  cellules  de  ce  plan.  II  suffit  alors  de  calculer  la 
surface  de  chaque  cellule  pour  evaluer  les  integrales 
defmissant  les  composantes  de  la  poussee  de  la  tuyere. 

Par  convention,  la  poussee  est  la  force  qui  s'exerce  sur  la 
tuyere,  et  I'angle  du  vecteur  poussee  est  donnee  par  rapport  a 
I'axe  du  moteur.  Si  I'on  considere  que  celui-ci  correspond 
egalement  i  I'axe  "x",  I'angle  du  vecteur-poussee  est  alors 
c^cuie  par : 


Notre  etude  a  pour  but  de  determiner  les  tendances  pouvant 
mener  it  une  optimisation  de  I'angle  du  vecteur  poussee  pour 
des  considerations  uniquement  aerodynamiques. 

Pourcela,  deux  etapes  ont  ete  definies  : 

-  La  premiere  consiste  e  etudier  la  nacelle  isoiee  par  analogie 
avec  I'etude  au  banc  d'aldtude  des  motoristes.  L'objectif  de 
cette  panic  est  de  calculer  I'ecoulement  interne  des  tuybres 
(repartition  Je  Mach/pression,  calcul  des  debits)  et  de 
determiner  par  le  calcul  I'angle  du  vecteur  poussee  de  la 
tuybre.  Cette  etape  est  compietee  par  une  campagne  d'essai 
d'etalonnage  de  differentes  luyires  motorisees  afin  de 
pouvoir  valider  la  prediction  par  le  calcul  de  I'angle  du 
vecteur  poussee  des  luyires.  Cette  etude  fait  I'objet  d'un 
developpement  dans  cet  article. 


a 


vp 


-tan’ 


La  figure  ci-dessous  illustre  ces  definitions. 


ik. 
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Lcs  dcoulements  autour  de  quatre  diffdrentes  geometries  de 
tuyire,  dgalement  testees  en  soufflerie,  ont  6t6  calculds  avec  le 
code  Sesame.  A  panir  de  ces  rdsultats,  Tangle  du  vecteur- 
poussde  a^p  de  chaque  tuyfere  a  pu  etre  dvalud  et  compare  aux 
resultats  obtenus  en  soufflerie. 

Les  comparaisons  pour  ces  quatre  differentes  geometries  sont 
donnees  dans  le  tableau  suivant : 


a6om6trie 

avD  calcul 

avp  soulllerie 

tuy6re  1 

-0.566° 

-0.7° 

tuyere  2 

-1-3.272° 

■l■3.5° 

tuyere  3 

-l■4.348° 

-1-4.4° 

tuydre  4 

-6.061° 

-6.15° 

La  figure  49  represente,  respectiveinent  pour  les  tuyfetes  3  et 
4,  le  champ  de  nombre  de  Mach  sur  uiie  coupe  verticale  de  la 
tuyere  (un  plan  y=constante),  passant  par  le  mat  interne.  On 
observe  que  le  jet  de  la  tuyere  3  est  oriente  vers  le  bas,  alors 
que  celui  de  la  tuyere  4  va  dans  le  sens  oppose. 

On  constate  que  le  calcul  a  partir  d'un  resultat  numerique  et  la 
mesure  en  soufflerie  donnent  des  valeurs  tres  proches  pour 
Tangle  du  vecleur-poussee  a^  de  chacune  des  tuyeres. 
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CONCLUSION 

L'utilisation  des  mdthodes  de  calcul  d^veloppees  ces  demieres 
ann^es  a  peimis  au  service  Adrodynamique  de  Conception 
d'AEROSPATIALE-AVIONS  de  mener  a  bien  les  laches  de 
conception  qui  lui  sont  devolues  au  sein  du  programme 
AIRBUS  A330/A340,  nowmment : 

-  1.  optimisation  de  Tecoulement  dans  la  zone  d'iniersection 
mat/voilure  grace  au  logiciel  de  C.A.O  MICA2  qu’  a 
permis  de  modeliser  les  formes  de  raccord  dites  "plastrons” 
et  au  code  de  calcul  EFTAS  qui  a  rdussi  bien  predire  le 
componement  des  survitesses  dans  cette  zone  difficile, 
comme  les  essais  en  vol  font  confirmd  par  la  suite. 

-  L'effei  de  taille  du  moteur  par  rappon  i  la  voilure  et  la 
modeiisation  de  Teffel  de  jet  p..r  le  programme  SESAME. 

-  L'evaluation  de  Torientation  du  vecteur  poussde  du  moteur 
par  rapport  4  Tavion  pour  une  nacelle  seule  (SESAME). 

La  prochaine  ^tape  sera  de  calculer  ce  vecteur  en  pr6.sence  non 
.seulement  de  la  nacelle,  mais  aussi  du  mat  et  de  la  voilure,  ce 
qui  permettra  d  ^valuer  plus  pr^cis^ment  Timpaci  sur  les 
performances  avion  de  Torientation  du  vecteur  poussic. 
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PROPULSION  SYSTEM  SELECTION  FOR  A  HIGH  ALTITUDE 
LONG  ENDURANCE  AIRCRAFT 
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Naval  Air  Warfare  Center  Aircraft  Division 
Code  6052 

P.O.  Box  5152,  Warminster,  PA  18974-0591 
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sofloior 

This  paper  addresses  the  major  propulsion  system 
options  for  High  Altitude  Long  Endurance  aircraft: 
internal  combustion  engines,  turbine  engines  and  fuel 
cells.  The  paper  identifies  the  technology  drivers 
for  the  vehicle  and  assesses  the  secondary  equipment 
requirements  for  the  various  system  options.  Critical 
*'echnologies  and  development  requirements  are 
addressed  in  terms  of  mission  capability  for  both 
near-term  and  advanced  systems.  This  AGARDograph  was 
sponsored  by  the  Flight  Mechanics  Panel. 

LZST  OF  SYMBOLS  AMD  ACBOMYMS 

BSFC  Brake  Specific  Fuel  Consumption 

HALE  High  Altitude  Long  Endurance 

HP  High  Pressure 

KX  Heat  Exchanger 

IC  Internal  CorrJ5U3tion 

LHV  Lower  Heating  Value 

LP  Low  Pressure 

NASA  National  Aeronautics  and  Space  Administration 

PEM  Proton  Exchange  Membrane 

SI  Spark  Ignition 

UAV  Unmanned  Air  Vehicle 

VDC  Volts  Direct  Current 

1.0  OBSIOK  DRIVKRS 

The  need  for  a  fuel  efficient  propulsion  system  in  a 
high  altitude  long  endurance  (HALE)  aircraft  is 
obvious.  fact,  the  import-;;., c  -i  .ow 
oonaw^tioa  and  low  ayaten  freight  increases  with  an 
increase  in  mission  loiter  time.  Good  off-design 
engine  performance  is  essential,  because  vehicle 
weight  reductions  as  fuel  is  consumed  during  a  mission 
cause  a  substantial  reduction  in  thrust  required  to 
maintain  a  fixed  loiter  condition.  For  a  mission  with 
100  hours  endurance  the  turndown  ratio  (power  at  the 
start  of  loiter/power  at  the  end  of  loiter)  may 
approach  three  (See  Figure  1) .  A  highly  fuel  efficient 
propulsion  system  implies  a  complex,  high  teohsoXogy 
system  with  high  cycle  pressure  ratios  and 
temperatures.  This  implies  that  the  propulsion  system 
for  a  long  endurance  mission  will  probably  require  a 
lengthy  development  program. 


q\ _ _ 1  1  I _ I _ L--1  I  ..,.1  ] 

0  10  30  30  40  M  BO  70  M  to  100  lie 

MIMION  DURATION  [HRt] 

FIguro  1 .  Tiimdoom  Ratio  lor  HALE  Misolon 


The  mission  location  and  the  user  may  dictate  the 
fuel.  Atmospheric  investigation  missions  such  as  the 
polar  ozone  depletion  investigation  missions  or 
oceanic/atmospheric  interaction  missions  being 
considered  oy  NASA  may  not  have  access  to  high  quality 
aviation  fuels  required  by  IC  engines.  Military  users 
may  favor  or  require  heavy  fuels  such  as  JP  or  diesel. 

A  long  endurance  mission  will  also  require  a  highly 
reliable  propulsion  system.  In  general,  with 
additional  oco^lexity,  vehicle  reliability  decreases. 
If  the  vehicle  stays  aloft  for  a  long  time  there  is 
simply  more  chance  for  the  system  to  fail  than  if  the 
mission  duration  were  shorter.  There  are  also  several 
fairly  strong  implicit  requirements  for  reliability 
arising  from  the  HALE  mission;  (1)  for  mission 
durations  of  over  twelve  hours  (the  non-stop  round- 
the-world  Voyager  flight  notwithstanding)  the  vehicle 
will  in  all  probability  be  unmanned — consequently,  any 
component  failure  is  more  likely  to  result  in  the  loss 
of  the  vehicle  because  no  one  is  on  board  to  take 
immediate  corrective  action;  (2)  the  vehicle  is  likely 
to  be  extremely  valuable — it  has  unique  capabilities 
which  provide  it  with  excellent  observational 
potential,  it  is  complex  and  costly,  and  it  is  rather 
likely  to  be  produced  in  limited  numbers. 

The  rarefied  atmosphere  at  high  altitudes  creates  a 
number  of  problems  for  the  designer.  The  low  density 
atmosphere  can  cause  losses  in  compressor  or 
turbocharger  efficiency  due  to  Reynolds  number  effects 
and  a  failoff  in  energy  outfit  for  a  non  supercharged 
n  -*1  ‘  ion,  waat*  u«at  removal  irom  the 

propulsion  system  and  vehicle  avionics  is  a 
significant  problem  in  the  rarefied  atmosphere. 

2.0  CAMDZDATB  BBOFULSZON  SYSTBCS 

Numerous  air  breathing  propulsion  systems  are 
candidates  to  power  a  HALE  vehicle.  Thesp  include: 

Gas  Turbine  Engines 
Turbofans 

Turboshaft  Engines 
Internal  Combustion  Engines 
Rotary  Engines 
Spark  Ignition  Engines 
Diesel  Engines 
Fuel  Cells 

In  comparing  the  performance  of  the  various  propulsion 
systems,  the  aircraft  designer  and  propulsion  system 
designer  will  use  two  different  figures  of  merit.  The 
aircraft  designer  will  quantify  fuel  consumption  with 
Brake  Specific  Horsepower  (BSFC)  which  provides  a 
direct  measure  of  the  fuel  being  used.  Because  tne 
er-gines  In  the  above  list  use  a  variety  of  fuels,  the 
propulsion  system  designer  will  use  thermal  efficiency 
(which  eliminates  the  variation  arising  from 
differences  in  the  lower  heating  value  of  the  various 
fuels)  as  a  figure  of  merit  to  assess  how  well  his 
system  converts  energy.  Equation  1  shows  thermal 
efficiency  is  a  constant  divided  by  BSFC  and  fuel 
lower  heating  value. 

Theznal  Kfflaienoy  -  2S4C/<BSrC  *  LHV)  (Bq  1) 

Figure  2  shows  the  thermal  efficiency  of  fuel  cells 
and  of  turboshaft  and  Internal  combustion  engines.  In 
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this  figure  the  lower  boundary  represents  the  state- 
of-the-art  for  existing  engines  of  100  to  600  HP,  the 
hash  marks  the  performance  of  near-term  bare  engines 
and  the  upper  boundary  marks  the  levels  that  are 
obtainable  with  engine  development  and  the 
incorporation  of  turbocharging  and  turbocompwjunding. 
It  can  be  seen  that  all  of  these  engines  offer  the 
potential  of  achieving  somewhat  better  than  40% 
thermal  efficiency.  It  can  also  be  seen  that  the  up¬ 
side  efficiency  of  fuel  cells  is  significantly  better 
than  that  of  IC  engines  or  gas  turbine  engines. 


Figure  2.  Thermal  Efficiencies  for  Various  Power  Sources 


Numerous  authors  have  indicated  that  the  merit  of  an 
engine  can  be  established  using  the  Breguet  equation 
and  its  BSFC  to  establish  endurance.  This  methodology 
would  be  precise  if  the  HALE  vehicle  took  off  from  a 
very  tall  mountain  and  did  not  have  to  climb  to  its 
loiter  altitude.  But  since  such  takeoff  sites  do  not 
exist,  the  prudent  designer  should  consider  the  climb 
segment  in  his  analysis. 

A  representative  HALE  vehicle  will  have  a  large  wing, 
a  high  fuel  fraction  and  multiple  engines.  To 
minimize  the  adverse  effects  of  turndown  ratio  ipart 
power  operation)  on  the  loiter  segment  the  engine 
will  be  designed  to  provide  a  minimal  rate  of  climb  at 
the  top  of  the  climb/beginning  of  loiter  segment. 

Since  turbocharged  IC  engine  systems  and  fuel  cell 
systems  produce  essentially  constant  thrust  throughout 
the  flight  envelope,  the  vehicle  will  also  have 
minimal  climb  performance.  Consequently,  the  climb 
duration  and  climb  fuel  consumption  will  be 


appreciable. 

As  an  example,  the  climb  fuel  use  for  varying  BSFCs 
were  calculated  for  a  vehicle  with  a  takeoff  gross 
weight  (TOGW)  of  16,000  lbs  (7250  KG)  with  a  lift/drag 
L/D  ratio  of  25:1  and  multiple  engines  producing  800 
HP.  The  vehicle  was  assumed  to  operate  at  a  constant 
0.25  Mach  number  during  its  climb  to  a  loiter  altitude 
of  60,000  ft.  (18,300  M) .  It  is  readily  apparent  from 
Figure  3  that  a  well  designed  HALE  vehicle  will 
require  a  high  fuel  fraction  and  an  engine  with  low 
fuel  consumption.  A  vehicle  with  a  BSFC  of  0.600 
(which  represents  very  good  performance  for  a  small 
turboshaft  engine)  will  consume  almost  50%  of  its  fuel 
climbing  to  loiter--even  with  a  50%  fuel  fraction. 
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BRAKE  SPEClFtC  FUEL  CONSUMPTION 


Figure  3.  Fu«l  Um  on  HALE  Mission 


In  generic  terms,  complexity  varies  directly  with 
thermal  efficiency  as  shown  in  Table  1. 


Table  1.  PROPULSION  SYSTEM  CANDIDATE  TRADES 
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3.0  GAS  TORBZIII  BHOINS8 

The  simplest  propulsion  system  for  HALE  operations  is 
a  more-or-less  stock  turbofan  engine  or  a  turboshaft 
engine  and  propulsor.  Perhaps  as  a  consequence  of  this 
simplicity,  one  of  the  first  HALE  demonstrations  was 
of  a  turbofan  engine  in  Boeing’s  "Compass  Cope" 
aircraft  research  program. 

The  engine  size  and  Idpse  rate  with  altitude  will 
establish  its  precise  altitude;  the  thrust  at  the  top 
of  climb  must  be  approximately  110%  of  the  thrust 
required  for  the  beginning  of  loiter.  For  a  moderate 
bypass  ratio  turbofan,  an  altitude  capability  of 
45,000  ft  [14,000  M]  is  achievable;  at  this  condition 
its  thrust  is  approximately  1/10  of  its  thrust  at  sea 
level  static  (SLS)  conditions  and  the  engine  has  not 
experienced  significant  performance  deteriorations  due 
to  operation  at  altitude.  The  substitution  of  a 
larger  (oversized)  engine  will  provide  additional 
altitude  capability.  However,  with  increasing 
altitude,  the  fan  or  compressor  of  an  existing  engine 
will  need  to  be  redesigned  to  avoid  a  significant 
fall-off  in  airflow  and  efficiency  due  to  Reynolds 
number  effects.  Increasing  altitude  may  also  require 
redesign  of  the  combustor  to  avoid  blow-out  problems 
and  to  maintain  efficiency. 

The  turbofan  engine  has  good  takeoff  and  climb 
performance.  Consequently,  it  can  get  to  its 
operating  location  quickly  and  efficiently;  a  turbofan 
powered  vehicle  can  be  expected  to  get  to  a  45,000  ft 
[14,000  M]  loiter  condition  in  one-third  the  time  and 
with  one-third  the  fuel  as  a  vehicle  powered  by  a 
turbocharged  internal  combustion  engine  propulsion 
system.  For  a  vehicle  with  a  moderately  high  bypass 
ratio  turbofan  engine  (and,  therefore,  a  SFC  of  0.60 
to  0.70)  and  a  fuel  fraction  of  0.40  to  0.50,  loiter 
durations  of  eight  to  sixteen  hours  are  achievable. 

For  loiter  durations  longer  than  eight  hours  the 
designer  should  consider  the  incorporation  of  a 
regenerators  and/or  intercoolers.  Allison,  Boeing 
and  Sundstrand  have  investigated  turbo  devices  for  use 
on  long  duration  missions  for  altitudes  up  to  65,000 
ft  [20,000  M] .  Allison^  investigated  the  potential  of 
modifying  an  existing  turboshaft  engine  aqd  adding  a 
recuperator,  while  Sundstrand^  and  Boeing^' ^  have 
investigated  the  use  of  new  turboshaft  engines 
incorporating  intercoolers  and  intercoolers  and 
recuperators  respectively.  Their  studies  showed  that 
these  devices  can  improve  specific  fuel  consumption  by 
as  much  as  30%,  but  at  a  weight  penalty  of  30  to  60% 
of  the  basic  engine  weight. 

4.0  SYSTEMS  FOR  INTURKL  CONBUSTIOir  ENOZms 

Internal  combustion  (IC)  engine  systems  for  KALE 
operations  can  be  typically  categorized  as  efficient 
but  complex.  These  systems  use  multiple  stages  of 
supercharging  and  associated  hardware  to  provide  air 
to  the  IC  engine  at  essentially  sea  level  conditions. 
As  shown  in  Figure  4  the  supercharging  ratio  (SR) 
which  is  the  inverse  of  the  fall-off  In  atmospheric 
pressure  Increases  markedly  with  pressure.  With 
typical  centrifugal  compressor  ratios  of  5:1  to  6.0:1, 
two  stages  of  supercharging  are  required  to  get  to 
altitudes  above  40,000  fT  [12,500  M]  and  three  stages 
may  be  required  to  get  to  altitudes  above  65,000  ft 
(20,000  M) .  With  three  stages  of  supercharging,  it  is 
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theoretically  possible  to  get  to  altitudes  approaching 
100,000  ft  [31,000  M] .  Because  the  air  conditions 
supplied  to  the  IC  engine  are  essentially  constant, 
the  maximum  performance  of  the  IC  engine  system  will 
be  essentially  constant  throughout  the  operating 
envelope.  As  a  consequence,  the  propulsion  system 
will  be  designed  to  produce  a  minimum  level  of  climb 
performance  at  the  end  of  climb;  at  the  initiation  of 
loiter  the  power  will  be  cut  back  to  a  level 
sufficient  to  maintain  level  flight. 

In  addition  to  turbochargers  the  IC  propulsion  system 
will  include  an  air  induction  system,  one  or  two 
intercoolers  and  an  aftercooler  to  provide  good 
efficiency,  an  air  bypass  control,  throttle  control 
and  waste  gate  control  to  provide  a  match  between 
engine  demand  and  air  supplied  by  the  turbochargers,  a 
power  transmission  subsystem  consisting  of  a  multi¬ 
speed  gear  box  and  a  propulsor,  and  an  exhaust  system. 
A  two  stage  turbocharged  exhaust  system  is  depicted 
schematically  in  Figure  5.  Because  of  the  high  degree 
of  supercharging  for  a  HALE  system,  the  pressure  ratio 
between  the  exhaust  gases  and  ambient  is  extremely 
high.  Consequently,  a  recouperator  may  be  added  to 
the  exhaust  system  to  provide  additional  horsepower 
derived  from  the  exhaust  gases. 


Figure  8.  IWo-  Stage  Turbocherged  IC  E'lgine 


The  choice  of  which  type  of  internal  combustion  engine 
to  u3e--rotary,  spark  ignition  (SI)  or  die3el--has 
until  now  depended  largely  upon  pragmatic  decisions 
resulting  from  the  sponsor’s  funding  and  the 
availability  of  an  engine  in  a  size  class  which  could 
be  used  in  the  propulsion  system  with  minimum 
development  and/or  modifications.  Since  there  are 
limited  numbers  of  extant  aviation  diesel  and  rotary 
engines,  most  applications  have  used  spark  ignition 
engines.  Teledyne^  has  demonstrated  the  viability  of 
gasoline  powered  spark  ignition  engines  for  HALE 
vehicles  with  their  Voyager  300  liquid  cooled  spark 
ignition  engine  on  the  Boeing  Condor  and  on  the  Rutan 
Voyager  "Non-stop,  non-ref ueled  round-the-world 
flight. 


In  an  ideal  world  both  rotary  and  diesel  engines  would 
also  warrant  consideration.  System  studies  of  ^ 
turbocharged  two-stroke  Diesel  engines  by  Ricardo^' 
of  turbocharged  four-stroke  Diesel  engines  by 
Teledyne®,  and  of  turbocharged  rotary  engines  by  John 
Deere^  have  also  shown  that  a  development  program 
could  produce  viable  candidates.  Diesel  engines  have 
inherently  better  brake  specific  fuel  consumption 
rates  than  SI  engines.  Rotary  engines  have  markedly 
fewer  parts  and  run  smoother  than  spark  ignition 
engines  and  should  therefore  have  inherently  better 
reliability  than  SI  engines.  Both  the  diesel  and 
rotary  engines  also  have  a  heavy-fuel  capacity 
(specifically  the  diesel  can  use  diesel  fuel  and  the 
rotary  can  use  JP  fuels)  which  means  that  they  should 
be  more  supportable  by  military  in  the  field.  While 
the  brake  specific  horsepower  of  rotary  engines  has 
been  poorer  than  SI  engines,  development  efforts  at 
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and  sponsored  by  NASA  Lewis  have  significantly 
improved  their  fuel  consumption.  In  addition  to 
pragmatic  considerations  and  iJity  trades,  the 
selection  of  engine  type  should  also  consider  vehicle 
integration  trades.  The  off-design  match  between  the 
engine  and  turbocharger  will  vary  between  the  three 
engine  types. 

4.1  Two-Cyole  Ve  Four-Cyole  BaglMS 

The  four-cycle  engine  is  self-aspirating  whereas  the 
two-cycle  engine  has  no  complete  suction  stroke.  The 
two-cycle  engine  is  not  self-aspirating  and  re«.pjires 
some  form  of  compressor  to  force  fresh  charge  into  the 
cylinder.  The  four-cycle  engine  also  has  a  distinct 
exhaust  cycle  which  drives  the  exhaust  gases  out  of 
the  combustion  chamber.  The  two-cycle  engine  has  no 
such  positive  exhaust  expulsion.  Because  the  two-cycle 
engine  is  not  self-exhausting  the  fresh  inlet  charge 
driven  in  by  the  compressor  is  used  to  help  force  out 
residual  exhaust  gases.  This  process  (called 
scavenging)  is  the  key  to  successful  operation  of  an 
efficient  two-cycle  engine.  Two-cycle  engines  are  very 
sen.sitive  to  the  design  of  their  exhaust  system,  since 
any  residual  pressure  may  impair  the  vital  scavenging 
process.  Care  must  be  taken  when  turbocharging  a  two- 
cycle  engine,  since  the  exhaust  turbine  inherently 
increases  pressure  in  the  exhaust  manifold.  The  system 
must  be  designed  so  that  the  boost  pressure  exceeds 
the  exhaust  pressure  (by  a  suitable  margin)  during  the 
scavenging  process  for  the  engine  to  operate  well. 
Two-cycle  engines  typically  exhibit  low  exhaust 
temperatures  which  will  hinder  effective  turbocharging 
and  may  require  an  auxiliary  combustor  or  other 
exhaust  energy  augmentation. 


4 . 2  Toxboohargiag 

Turbocharging  introduces  air  (or  air/fuel  mixture) 
into  an  engine  combustion  chamber  at  a  density  greater 
than  ambient.  The  increase  in  air  mass  allows  a 
proportional  increase  in  the  fuel  that  can  be  burned 
and  thus  increases  the  potential  power  output.  The 
principal  objective  is  to  increase  power  output,  not 
to  improve  efficiency,  however  the  efficiency  may 
benefit. 


4 . 3  Tozboehaxger  TozbiMS 

The  requirements  for  an  efficient  turbine  for  the 
first  stage  of  a  high  altitude  turbocharger  system 
necessitate  the  accommodation  of  a  wide  range  of  mass 
flows,  high  gas  temperatures  and  high  rotational 
speeds . 

4 . 4  Taxboob&rger  CcBpxm»»ox» 

The  high  pressure  ratio  requirements  of  a  high 
altitude  turbocharger  compressor  may  lead  to  internal 
duct  velocities  that  exceed  the  speed  of  sound  with  a 
resultant  shock  field  that  reduces  efficiency.  High 
altitude  turbocharger  compressors  are  invariability 
radial  designs  which  provide  the  opportunity  for  high 
pressure  ratio  operation  at  the  cost  of  limited  mass 
flow  capabilities.  Centrifugal  compressor  performance 
is  limited  to  a  region  of  the  map  bounded  on  the  left 
by  flow  surge  conditions  and  on  the  right  by  choked 
conditions  at  either  the  inducer  inlet  or  the  diffuser 
outlet.  Surge  occurs  when  local  flow  reversal  occurs 
in  the  blade  boundary  layer  and  a  decreased  flow  rate 
relieves  the  adverse  pressure  gradient  which  then 
permits  a  flow  rate  Increase  and  the  process  repeats 
the  cycle  at  a  fixed  frequency.  Uncooled  turbine 
temperatures  as  high  as  1000  K  for  diesel  engine 
applications  and  1200  K  for  gasoline  fueled  engines 
require  the  utilization  of  high  temperature  alloys. 
Compressor  performance  losses  will  occur  at  high 
altitude  due  to  Reynolds  number  effects.  The  low 
density  atmospheric  conditions  at  high  altitude  will 
decrease  the  effective  efficiency,  air  flow  and 
pressure  ratio  and  will  require  an  increase  in 


turbocharger  speed  to  compensate  for  the  reduced 
performance . 

4 . 5  Charge  Cooling 

Compression  of  air  by  a  compressor  is  accompanied  ty  a 
temperature  rise.  This  temperature  rise  will  depend  on 
the  pressure  ratio  and  the  efficiency  of  the 
compressor.  A  reduction  of  engine  inlet  manifold  air 
temperature  will  increase  the  density  of  the  air  and 
consequently  increase  the  mass  of  air  in  the 
cylinders.  Reducing  the  manifold  air  temperature  will 
enable  more  fuel  to  be  burned  and  the  power  output  to 
increase.  The  compressor  outlet  temperature  can  be 
effectively  reduced  by  an  air-to-air  or  air-to-liquid 
heat  exchanger.  The  performance  of  a  charge  cooler  is 
measured  by  its  effectiveness,  which  is  the 
temperature  drop  of  the  compressor  outlet  air  through 
the  heat  exchanger  divided  by  the  maximum  possible 
temperature  drop  (inlet  temperature  of  air  minus  inlet 
temperature  of  coolant) .  Typical  performance  of  charge 
coolers  will  depend  on  effectiveness  and  the  mass  flow 
rate  and  pressure  drop  of  compressor  air  and  coolant. 
The  flow  of  air  through  the  complex  passages  of  a 
typical  cooler  will  result  in  some  air  pressure  loss, 
however  the  losses  are  usually  small.  Turbocharger 
heat  exchangers  lose  effectiveness  at  high  altitude 
conditions  where  the  air  density  reduces  the  thermal 
conductivity  and  heat  transfer  rates.  In  order  to 
compensate  for  the  reduced  performance,  heat 
exchangers  must  increase  in  size  and  weight.  A  typical 
heat  exchanger  system  designed  for  high  altitude  will 
be  larger  in  volume  than  the  engine  and  turbochargers 
combined. 

4 . 6  Prop«ll*r« 

The  propulsive  thrust  for  vehicles  designed  for  high 
altitude  operation  generally  is  derived  from  a  large 
propeller  operating  at  low  forward  speed  and  low 
rotational  speed.  Figure  6  shows  three  different 
designs  developed  for  varying  speed  ratios.  It  is 
desirable  to  operate  the  tip  speeo  of  the  blades  at 
high  subsonic  conditions  in  order  to  maintain  maximum 
efficiency.  If  the  propeller  were  to  operate  in  a 
limited  speed  range,  the  Curve  A  would  be  used  for 
maximum  efficiency.  However,  in  order  to  maximize 
efficiency,  propeller  integration  requires  a  low  blade 
lift  coefficient  for  take-off  and  climb  and  a  high 
lift  coefficient  for  high  altitude  cruise.  A 
compromise  usually  results  in  a  blade  design  which 
provides  acceptable  climb  performance  with  good 
performance  during  the  long  loiter  cruise  segment  oi 
the  mission  such  as  that  depicted  in  Curve  B  or  C. 


Dgur*  4.  ThterMleal  Propallar  Effldency  tor  Thrt*  Dosigns 
4 . 7  0««r  Box 

Climb  performance  can  also  be  improved  by  utilizing  a 
two  stage  gear  drive  or  a  continuously  variable  gear 
drive  which  will  match  engine  and  propeller  to  the 
most  efficient  operating  conditions.  The  loiter 
segment  of  a  typical  mission  can  last  100  hours  and 
result  in  a  considerable  decrease  in  vehicle  weight 
through  depletion  of  fuel,  therefore  the  thrust  power 
required  during  loiter  will  decrease  dramatically. 
Fropeller  efficiency  can  be  maximized  during  loiter 
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through  reductions  in  blade  speed  and  blade  pitch 
angle  to  match  the  changing  power  requirements. 
Propellers  which  operate  at  high  altitude  will 
experience  thrust  losses  due  to  the  low  Reynolds 
number  environment  and  will  require  corrections  of 
blade  speed  and  pitch  angle. 


4.8  Controls 

Integrating  the  performance  of  engine,  gear  drive, 
propeller,  turbochargers  and  system  heat  exchangers  of 
a  high  altitude  long  endurance  system  requires  a  very 
complex  control  system.  The  controls  required  for  a 
multi-stage  turbocharger  system  includes  an  exhaust 
gas  waste  gate  valve,  an  air  bypass  valve  and  possibly 
an  air  throttle  valve.  The  air  bypass  valve  regulates 
flow  through  the  multi-stage  compressor  and  multi¬ 
stage  intercooler/aftercooler  to  provide  an  acceptable 
combination  of  air  pressure,  temperature,  and  mass 
flow  to  the  engine  inlet  manifold.  The  bypassed  air  is 
typically  delivered  to  the  engine  exhaust  manifold 
where  it  mixes  with  the  exhaust  gas  stream.  The  air 
manifold  pressure  must  be  maintained  higher  than  the 
exhaust  pressure  to  avoid  recirculation  of  exhaust 
products.  The  waste  gate  valve  operates  in  consort 
with  the  bypass  to  divert  exhaust  gas  energy  from  the 
turbine  inlet  stream  to  an  overboard  dump  and  thus 
match  the  turbine  work  and  speed  to  that  of  the 
compressors.  Various  operating  conditions  within  the 
compressors  and  turbines  must  be  maintained  in  order 
to  avoid  surge,  choking  or  overspeed  in  the 
compressors  and  limit  the  temperatures  in  the 
turbines.  The  turbocharger  heat  exchangers  are 
typically  separate  from  the  engine  heat  exchangers. 

The  separate  systems  are  required  as  a  result  of  large 
difference  in  coolant  operating  temperatures  between 
the  engine  and  turbocharger  system.  The  two  separate 
coolant  systems  are  linked  together  with  control 
valves  which  regulate  the  low  ten^erature  of  the 
turbocharger  coolant  loop  within  acceptable  limits  by 
mixing  high  temperature  engine  coolant  flow. 


4 . 9  Reovperators 

Significant  potential  energy  resides  in  the  exhaust  of 
all  of  the  various  types  of  proposed  core  engine 
rystems.  The  exhaust  pressure  from  a  high  altitude 
propulsion  system  can  be  forty  to  fifty  times  greater 
than  the  ambient  pressure  at  the  operating  altitude.  A 
substantial  portion  of  the  pressure  potential  could  be 
recovered  as  power  by  increasing  the  exhaust 
temperature  in  a  burner  and  utilizing  a  separate 
recovery  turbine.  The  recovery  turbine  could  be 
compounded  to  the  engine  or  it  could  be  utilized  to 
produce  electrical  energy  and  therefore  increase  the 
overall  efficiency  of  the  propulsion  system. 

5.0  rUEL  CELL  SY5TIK8 

There  are  five  major  groups  of  fuel  ceils: 


CELL  TYPE 

TM 

T 

Alkaline  Fuel  Cells 

250  C 

H 

Phosphoric  Acid  Fuel  Cells 

250  C 

H 

Proton  Exchange  Membrane 

250  C 

H 

Molten  Carbonate  Fuel  Cells 

600  C 

HC 

Solid  Oxide  Fuel  cells 

600  C 

HC 

Flight  Sciences^  and  International  Fuel  have 

shown  that  the  BSFC  of  phosphoric  acid  cells  is  up  tu 
30%  greater  than  PEM  cells.  Consequently  the  PEM 
cell  is  the  near  term  fuel  cell  of  choice. 

S.l  PEH  CELLS 

Aurora  Flight  Sciences^^  and  International  Fuel 
Cells^^  have  conducted  system  studies  of  the  PEM  cell 
in  a  HALE  vehicle.  These  studies  showed  that  a 
hydrogen  powered  PEM  cell  could  provide  power  for 
flights  of  100  hr.  duration,  producing  power  at  a 
thermal  efficiency  exceeding  45%  at  rated  power.  And, 
unlike  other  candidate  systems,  their  part  power 
efficiency  actually  improves  as  shown  in  f  as  load 
decreases. 


AMPtraiMPT 


Figure  7.  Fuel  Cell  Perl  Power  Performance 

These  systems  use  multiple  stages  of  supercharging  and 
associated  hardware,  similar  to  the  hardware  described 
above  for  IC  engines,  to  provide  air  to  the  fuel  ceil, 
Because  of  the  weight  and  complexity  of  the  fuel  coll 
system,  air  is  likely  at  greater  pressure  than  se.i 
level  conditions  to  improve  the  power  output  cf  the 
cell.  In  addition  to  turbocharger.®  and  intercoolers, 
the  fuel  cell  system  will  require  inverters  to  convert 
the  fuel  cells  electrical  output  into  270  vnc  power 
and  electric  motors  which  drive  propulsors  for  the 
vehicle.  (See  Figure  8.)  In  addition  the  generic 
hardware  requirements  the  Proton  Exchange  Membrane 
(PEM)  fuel  cell  requires  humidified  air  which  is 
supplied  by  saturators.  Because  the  waste  energy  of 
the  fuel  cell  is  not  sufficient  to  power  the 
turbochargers,  a  supplemental  burner  is  required  to 
supply  energy  to  the  turbocharger. 


Of  these  groups,  the  Molten  Carbonate  and  Solid  Oxide 
Fuel  Cells  are  in  the  early  stages  of  development. 
Alkaline  fuel  ceils  require  pure  hydrogen  and  oxygen; 
they  react  with  COj  In  the  fuel  or  oxidant.  Since 
equipment  to  eliminate  COj  from  the  atmosphere  and 
fuel  would  be  heavy  and  complex,  the  allcaline  fuel 
cell  is  not  a  viable  option  for  a  HALE  vehicle. 
Phosphoric  acid  fuel  cells  and  proton  exchange 
membrane  (PEM)  fuel  cell  ace  potential  Dear  term 
options  for  an  air  vehicle.  But,  Bentz^^'  Aurora 


5.2  reel  Cell  Tankage 

The  PEM  cell  uses  cryogenic  hydrogen  and  aj^r  to 
generate  power.  International  Fuel  Cells^*’  have 
examined  the  tankage  requirements  and  found  that 
tankage  weights,  based  on  air  vehicle  technology, 
varied  between  1.0  lb.  [.45  KG]  of  tank  per  pound  of 
H2  at  current  technology  levels  to  0.25  lb.  (.11  KG) 
of  tank  per  p>ound  of  H2  with  advanced  technology. 


12-6 


5 . 3  Advano«d  Fo^l  C«ll« 

High  temperature  fuel  cells  offer  the  potential  of 
high  thermal  efficiencies  and  the  use  of  hydrocarbon 
fuels;  however,  they  are  in  the  early  stages  of 
development  and  may  not  be  viable  options  for  use 
before  the  turn  of  the  century.  Allied  Signal  reports 
that  EPRI/GRI  Workshop  on  fuel  Cell  Technology  RsD 
indicated  that  the  performance  potential  of  Solid 
Oxide  Fuel  Cells  could  reach  55  to  S9t. 

6.0  HYBRZD-KLECTRIC  PttOPOLSlOH  8YSTCKS 

A  hybrid-electric  system,  shown  in  Figure  9,  has  been 
considered  as  a  potential  step  in  developing  a  fuel 
cell  powered  vehicle.  This  system  uses  a  turbcshaft 
engine  or  a  set  of  turbochargers  and  an  IC  engine  to 
drive  a  generator  vrfiich  supplies  270  VDC  electrical 
power  to  an  inverter  and  electric  motors  v4iich  drive  a 
fan/propulsor.  The  propulsion  system  efficiency  is 
lower  than  that  of  turboshaft  or  IC  engine  system  due 
to  the  electrical  losses  in  the  generator,  nverter 
and  electric  motor.  These  losses  will  vary  as  shown  in 
Table  2: 


raoeuLsoM 


Figure  9.  Hybrid  •  Electric  Propuleion  System 

Table  2.  KleAtcloal  ConpotMt&t  l#eeeea  i«x  a  Kybrid- 
■leotric  Syatea 


CCMPOroiT 

LOSS 

Generator 

2  -4% 

Inverter 

8-15% 

Motor 

2-4% 

Gonhalekar,  et  al,^^'  have  studied  a  variable  .»peed 
electric  drive  in  combination  with  a  propeller  for 
HALE  operations.  Their  analyses  has  shown  that  the 
variable  speed  capability  of  the  electric  drive  allows 
the  propeller  to  be  operated  in  a  narrow  high 
efficiency  region  throughout  the  ioiter  segment.  The 
power  transmission  efficiency  with  a  propeller  and  a 
variable  speed  electric  drive  was  26%  higher  than  the 
efficiency  with  j  propeller  and  a  single  speed  gearbox 
and  2<^%  higher  than  Che  efficiency  with  a  propeller 
and  a  two  speed  gearbox.  They  cited  a  weight  penalty 
of  1,8%  of  vehicle  weight  for  the  electric  equipment. 

In  addition,  the  electric  dtive  system  uncouples  the 
propulsor  from  the  engine  allowing  the  use  of  multiple 
small  propulsors  and  providing  significantly  enhanced 
control  authority  during  engine  out  operations.  In 
the  event  of  an  engine  failure,  power  from  the 
remaining  generator  can  be  routed  to  ail  the 
prop*'  I  "ors. 


differences  between  IC  engines;  Che  heat  exchanger 
loads  for  spark  ignition  engines  will  be  significantly 
less  than  for  rotary  or  Diesel  engine  systems. 

Because  the  heat  must  be  rejected  to  low  de  .sity 
ambient  air,  HALE  heat  exchangers  will  be  large  and 
heavy.  Patel  and  Lents^^  showed  an  optimized  system 
for  a  HALE  vehicle  would  weigh  approximate.^  '.7%  cf 
takeoff  gro,:,s  weight. 


Rgiir*  10.  HMI  Loud  for  HALE  Vohlcle 
14 

Patel  and  Lents  have  examined  a  number  of  rc-oling 
options  have  been  examined  for  handling  the  heat  load. 
These  include  conventional  systems  wt.ich  reject  all 
their  waste  heat  to  ambient  air  through  ram  air  or 
wing  mounted  heat  exchangers.  Figure  11  shows  a 
single  loop  thermal  management  system.  In  this  system 
heat  from  both  Che  low  temperature  loads  (the  avionics 
and  turbomachinery)  and  the  engine  heat  are  rejected 
in  one  loop.  Dual  cooling  loop  systems  reject  noat 
from  the  low  temperature  loads  in  one  loop  and  engine 
heat  is  rejerted  in  a  second. 


Flgurt  11.  Single-Loop  Thermal  Management  System 


7 . 0  TMtieaL  MunoBiBfT  ayfTBi 

The  heat  exchanger  system  for  a  HALE  vehicle  must 
provide  cooling  for  the  engine  or  fuel  cell,  avionics 
and  for  the  turbocharger  heat  load  (consisting  of  the 
i ''t '.rcooler  and  aftercooler  heat)  if  applicable.  As 
Shown  in  Figure  10,  the  heat  exchanger  load  for  a  as 
turbine  is  markedly  less  than  the  heat  exchanger  !oad 
for  a  IC  engine.  There  are  also  significant 
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A  coi.  -ptual  alt-ernative  to  the  conventional  ayctem  is 
the  addition  of  a  v  .e  heat  recovery  (WHR)  system  to 
the  conventional  system  shown  schematically  in  Fi^*-  e 

12.  In  this  system  part  of  the  waste  heat  is 
converted  by  a  Rankine  bottoming  cycle  into 
electricity  which  can  be  used  to  power  the  avionics. 


The  Rankine  cycle  loop  collects  waste  heat 
from  the  enqine(s)  and  uses  a  portion  of  it 
to  evaporate  a  refrigerant  in  a  boiler.  The 
refrigerant  is  then  superheated  by  hot  air 
from  the  turbocharger.  The  superheated  air 
expands  through  a  turbine  converting  its 
thermal  energy  into  mechanical  energy.  The 
turbine  drives  a  generator  producing  electric 
power.  The  fluid  subsequently  passes  through 
a  condenser  and  then  returns  to  the  boiler. 

This  reduces  the  power  extraction  from  the  engir..  and 
improves  the  endurance  of  the  vehicle. 

Nagurny^^  examined  conventional  and  waste  heat 
recovery  systems  for  HALE  vehicles  with  gasoline 
powered  spark  ignition  engines;  he  found  that  a 
vehicle  using  a  waste  heat  recovery  system  can  achieve 
an  endurance  gain  of  up  to  '’S  over  a  vehicle  with  a 
conventional  heat  exchanger  system.  Fatel  and  l.ents^'^ 
extended  this  analysis  to  include  rotary  and  Diesel 
engines  as  well  as  sparx  ignition  engines.  Their 
studies  confirmed  Nagurny's  benefits  and  showed 
slightly  larger  gains  for  the  rotary  and  Diesel 
engines . 

a.O  CONCLDDXIIQ  MBIAMtS 


A  number  of  near-term  propulsion  systems  have  been 
identified  for  high  altitude  application.  Selecting 
the  b*- St  propulsion  system  for  a  high  altitude  long 
endurance  mission  will  depend  strongly  on  factor-s  such 
as  mission  definition,  payload  requirements, 
propulsion  system  reliability  and  overall  mission 
reliability.  Turbofan  engines  provide  a  simple  option 
of  getting  to  a  moderate  altitude  for  a  short  duration 
mission  with  little  development  risk.  But,  for  true 
HALE  missions,  a  propulsion  system  is  required. 
Intermittent  combustion  designs  (two-cycle  and  four¬ 
cycle  r.ciprocat inq  engines  and  stratified  charge 
rotary  engines)  with  their  associated  turbochargers 
can  achieve  greater  than  forty  percent  thermal 
efficiency  and  acceptable  system  reliability  with 
moderate  to  minimal  developmental  risk.  Continuous 
combustion  designs  (tueboshaft  gas  turbine  systems 
with  intercoolers  and/or  recuperators)  c.n  also 
achieve  these  efficiencies  with  moderate  t  minimal 
<1^  .elcpmental  risk . 


But,  for  the  HALE  designer, 
can  be  obtained  with  Increa 
Near-term  fuel  cell  systems 
turbochargers,  supplemental 
unique  tankage  requirements 
been  shown  to  provide  up  to 


even  greater  efficiencies 
inq  developmental  effort.^ 
(with  thetr  associated 
burners,  humidifiers  and 
for  hydrogen  fuel)  have 
forty-five  percent 


efficiency.  Waste  heat  ..eccvery  systeri;: 

bottoming  cycles  offer  up  to  seven  percen*-  vi: 

endurance  over  convention  thermal  mar.ijer.h-:.’ 

Variable  speed  electric  metors  can  .4-1  w  ' 

operat'  in  a  narrow  high  efficiency  r-.-ji::, 
signif  icantly  increasing  overall  power  -j  ;  • 

efficiency.  And,  advanced  fuel  cello  r  ,i.«  " 

potentia'  of  exceeding  fifty-five  p- ■. 
efficienCj.  Although  successful  Jev.,-l.-;.Ti-c  - 
technologies  is  in  no  way  assuieJ,  :  w  :  r;  '  :  ;  : 

them  to  fruition  remains  'or.  s  i  der  ah  1  e,  '.n*-.; 
cannot  be  ignored. 
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INTRODUCTIC»I 

The  NATO  requirement  for  increased  range 
and  endurance  of  aircraft  is  also 
associated  with  the  necessity  to  reduce 
the  initial  and  life  cycle  costs  of  these 
aircraft.  Consideration  of  these 
conflicting  requirements  leads  to  the 
prioritisation  of  engine  technologies  for 
different  vehicle  types  and  presented 
here  are  views  of  engine  manufacturers 
addressing  these  challenges  over  the 
range  of  aircraft. 

Traditional  views  of  engine  optimisatioev 
are  being  challenged  by  the  growing 
acknowledgement  of  limited  budgets  and 
questions  of  affordability.  No  longer 
can  the  engine  producer  rely  on  thrust 
and  specific  fuel  consumption  being  the 
main  design  drivers  in  the  engine.  It 
is  necessary  to  balance  those 
traditional  technology  comparators  with 
at  least  equal  consideration  being  given 
to  reliability,  maintainability  and 
operability.  Initiatives  such  as  R&M 
2000  and  ENSIP  have  created  a  change  of 
culture  in  the  engine  design  houses 
throughout  the  western  world  with 
maintenance  and  overhaul  easements  being 
made  at  the  design  and  development  stage. 
Complimentary  programs  such  as  Integrated 
High  Performance  Turbine  Engine 
Technologies  (IHPTET)  are  progressing  the 
basic  improvements  on  component 
efficiencies,  cycle  improvements  and 
efficient  and  effective  design  methods 
utilising  advanced  high  specific  strength 
or  high  temperature  materials.  By  the 
nature  of  Technology  Demonstration 
Programs  (TDP's),  a  high  degree  of 
testing,  design  verification  and  lifing 
methodology  of  integrated  components  in 
real  engine  environments  is  established. 
This  leads  to  a  more  secure  and  realistic 
database  for  the  components  when 
committed  to  a  production  engine  design. 
Such  understanding  leads  to  a  more  rapid 
maturity  of  the  propulsion  unit,  which 
has  significant  benefits  on  the  reduction 
in  unscheduled  removals  and  in-flight 
shut  downs,  with  the  resultant  advantages 
for  the  operator  of  early  reliability. 
This  has  an  additional  advantage  since 
such  reliability  of  product  minimises  the 
financial  outlay  required  in  the  early 
days  of  introduction  to  service,  at  a 
time  when  finances  are  best  focused  to 
the  procurement  of  the  required  fleet 
numbers . 


The  above  factors  all  contribute  to  the 
design  of  propulsion  units  for  air 
vehicles  operated  by  the  NATO  armed 
forces.  This  paper  will  discuss  the 
prioritisation  of  technologies  required 
for  the  range  of  air  vehicles  and 
examine  how  increases  in  endurance  and 
range  affect  the  balance  of  technology 
within  each  propulsion  unit  type.  It  is 
convenient  to  group  the  vehicles  in  the 
following  way: 

Transport,  Tanker,  AWACS 
Maritime  Patrol, 

Combat ,  and 
Special  purpose 

Each  grouping  has  the  challenges  of 
range  or  duration  subject  to  its  class, 
although  clearly  in  absolute  terms  the 
range  of  transport  vehicles  is 
significantly  different  from  that  of  a 
combat  aircraft.  It  is  primarily  these 
differences  in  the  groupings  that  give 
rise  to  the  differences  in  technology* 
prioritisation. 

TRANSPORT,  TANKER  AND  AWACS 

This  grouping  of  air  vehicles  is 
characterised  by  their  size  and  flight 
pattern.  Under  most  circumstances  even 
during  times  of  conflict,  the  majority 
of  their  flight  can  be  achieved  at 
altitudes  and  mach  numbers  best  suited 
to  the  achievement  of  greatest  range  or 
endurance  of  the  aircraft. 

Transport  aircraft  are  ideally  required 
to  operate  out  of  semi-prepared  runways, 
with  adequate  size  and  volume  and 
minimal  journey  time.  Being  a 
workhorse  of  the  forces  only  minimal 
logistics  support  is  wanted  for  these 
vehicles,  their  purpose  is  to  maximise 
the  delivery  of  goods  and  men  for 
combat,  and  any  significant  support 
systems  such  as  fuel,  oil,  parts  or 
mechanics  required  by  these  aircraft 
detract  from  their  prime  purpose.  As 
concepts  such  as  Rapid  Deployment  Forces 
arc  adopted  so  improvements  in  carrying 
capacity  are  required. 

Those  can  be  achieved  in  two  ways: 

Same  fleet  size  and  container 
volume  with  reduced  flight  times 

Increased  container  volume  or  fleet 
size 


I'resetued  ai  an  AdAH!)  Mceun^  mi  Hfivtu  Atl\mui’\  in  l.nfif*  RanficanJ  /  mia  I  fu/nnniiv  ( >pcnin<>n  nl  Atn/uli'.  Ma\  /VVi’ 
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As  deployment  range  increases  due  to  the 
nature  of  perceived  future  conflicts  so 
flight  speed  becomes  more  dominant  in 
the  balance  of  time  to  deploy  the 
required  equipment.  This  is  driving 
the  transport  vehicle  away  from  the 
propeller  driven  250kts  vehicles  towards 
the  high  bypass  ratio  SOOkts  vehicles. 

Such  increases  in  flight  speed  bring 
benefits  to  the  whole  operation,  not  just 
by  reduced  time  to  deploy  but  also  by 
minimising  crew  and  personnel  fat  .gue, 
and  reducing  the  probability  of  d  juble 
crews  with  associated  infra-structure 
costs . 

Operation  of  in-flight  refuelling 
tankers  and  Airborne  Warning  and  Command 
Systems  aircraft  is  very  similar  in 
style.  Aircraft  are  deployed  from  safe 
runways  with  no  limitations  on  runway 
length,  position  in  convenient  and  safe 
airspace,  maintain  station  for  required 
time  then  return  to  base  in  safe 
airspace.  This  requirement  is  to  deploy 
from  base  to  station  in  minimal  time,  to 
be  able  to  reposition  in  minimal  time, 
but  then  hold  station  for  maximum 
duration.  Such  requirements  are 
ideally  met  by  the  high  bypass  ratio 
engines  of  today's  civil  aircraft. 

The  key  requirements  of  such  high  bypass 
ration  engines  are 

meet  the  thrust  requirements 

high  reliability 

high  performance  retention 

long  life 

adequate  fuel  burn 

with  these  to  be  achieved  at  the  right 
unit  and  certification  costs. 


MEETIHG  THE  THRUST 

Aircraft  configurations  for  the 
Transport/Tanker/AWACS  group  tend  to 
utilise  'podded'  engines  similar  to 
civil  airliners.  This  allows  greater 
degree  of  freedom  in  design  changes 
than  a  combat  aircraft  where  the 
engine(s)  are  buried  in  the  fuselage, 
with  structural  frames  in  very  close 
proximity.  In  general,  the  thrust 
requirements  can  be  readily  achieved. 
Engine  sizing  tends  to  be  at  the  hot  and 
high  take  off /climb  out  condition  with 
most  other  engine  ratings  causing  less 
distress  to  the  engine.  The  choice 
between  two  and  four  engines  also  tends 
to  conflict  in  engine  designs.  Twin 
engined  aircraft  are  required  to 
continue  take  off  and  climb  out  with  one 
engine  not  functioning,  and  likewise 
four  engined  aircraft  have  to  be  able  to 
continue  take  off  and  climb  out  with 
one  engine  inoperative.  Such  margins 
of  thrust  reserve  lead  to  the  four 
engines  aircraft  utilising  higher 
throttle  settings  at  their  cruise 
condition  and  consequently  consuming 
more  turbine  life  than  an  equivalent 
twin  engined  solution! 


RELIABILITY 

The  operator  sees  reliability  in  two 
clearways  (Figure  1).  First  in-flight 
shut  down  rates  indicate  annoying  but 
mechanic  fixable  problems  without  having 
to  change  the  engine.  Such  problems 
are  usually  associated  with  external 
dressings,  electrical  harnesses  and 
sensors.  With  adequate  and  responsive 
timely  changes  made  to  the 
productionised  engine  the  classic 
'learner  curve'  should  be  invisible  to 
the  operator.  There  is  clear  evidence 
from  civil  operations  that  this  has  not 
necessarily  been  the  case.  However, 
with  twin  engine  large  aircraft  becoming 
more  widely  used,  the  airframer  and 
engine  manufacturers  are  forced  to  work 
even  more  closely  together  such  that  the 
aircraft  can  quickly  be  certified  for 
extended  time  and  range  operations . 

Transport/  Tanker/  AWACS 

Reliability 

In  (light  shuiclDwn  Removal  rate 

WNuttfoein  rate  Hemovai '■># 
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Figure  1. 

This  gives  such  substantial  commercial 
advantages  to  th“  operators  who  then  can 
utilise  EROPS  in  their  flight  schedules. 
The  commercial  pressure  to  achieve  this 
is  causing  reliability  to  play  a  key 
role  in  the  design  of  the  engine, 
control  system  and  aircraft  interfaces. 
Such  understandings  are  available  for 
rapid  application  of  these  types  of 
engines  to  Military  usage  in  the 
Transport/Tanker/.AWACS  aircraft. 

Reliability  is  contained  in  the  engine 
design  in  many  facets.  These  can  be 
considered  in  the  three  stages  of  the 
productionised  process.  Firstly,  there 
is  reliability  by  concept.  This  is 
achieved  by  basic  system  architecture. 
For  turbomachinery  components,  the  use 
of  wide  chord  blading  has  significantly 
improved  reliability  by  concept.  In 
like  manner  engine  control  units,  now 
essentially  Full  Authority  Digital 
Engine  Controls  (FADECS)  need  built  into 
them  the  logic  of  spurious  signal 
suppression  from  sensors  and  electro 
magnetic  interfaces,  reversionary 
control  and  the  essential  computer  to 
computer,  sensor  to  sensor  and  actuator 
to  actuator  signal  comparisons. 

Reliability  by  application  brings  into 
question  the  way  in  which  engines  are 
designed  to  achieve  their  conceptual 
performance . 


This  involves  such  things 
as  knowledge  of  the  margin  between  peak 
stresses  and  temperatures  and  those 
sustainable  by  the  material.  In  recent 
times,  advanced  aerodynaimics  and 
structural  computational  models  have 
made  great  advances  to  the  inherent 
reliability  by  application  with  greater 
inside  and  understanding  being  gained  in 
early  phases  of  the  design  process. 

It  must  however,  be  acknowledged  that 
engineering  judgement  must  still  be  made 
despite  the  complexities  of  computer 
codes.  Such  capabilities  are  but  one 
spanner  in  the  propulsion  engineers  tool 
box  and  should  not  be  seen  as  the  unique 
and  perfect  answer.  With  the 
introduction  of  greater  process  control 
and  measurement  during  the  manufacturing 
process,  along  with  process  modelling 
improvements  in  consistency  in  parts 
have  been  realised.  This  reduces  the 
randomness  of  failures  and  has 
contributed  greatly  to  this  facet  of 
reliability. 

Reliability  by  development  builds  on  the 
two  prior  forms  of  reliability,  those  of 
concept  or  application.  In  this  stage 
realistic  testing  is  required  to 
identify  weak  points  in  designs  either 
by  concept  or  application,  and  ensure 
realism  to  the  way  in  which  the  product 
will  be  used  in  service. 

The  quality  of  this  reliability 
improvement  is  realised  by  the  maturity 
of  the  product  when  actually  used  by  the 
operator.  Engine  companies  are  tending 
to  adopt  Technology  Demonstrator 
Prograuns  to  give  early  and  realistic 
indications  of  the  reliability  challenge 
associated  with  upgraded  or  new  engines. 


Transport/  Tanker/  AWACS 

Performance  retention 


Figure  2. 

Performance  Retention 

In  order  to  consistently  fulfil  the 
roles  required  of  this  group, 
performance  retention,  particularly  with 
respect  to  specific  fuel  consumption  is 
of  high  priority.  sign  features  that 
limit  the  ingress  of  debris  into  the 
core  engine  offer  significant  advantages 
(Figure  2)  by  minimising  erosion  of  the 
aerof oi Is . 


Associated  with  this  must  be 
sub  systems  that  arc  tolerant  to 
axial  and  radial  excursions  that  the 
rotating  spools  make  during  throttle 
movement  and  flight  induced  loads. 

In  particular,  increases  in  blade  and 
vane  clearances  are  the  normal  major 
performance  loss  mechanisms  once  an 
engine  has  been  configured.  Special 
effort  is  made  in  the  design  and 
development  phase  to  compensate  for 
those  movements.  Two  types  of  tip 
clearance  control  are  in  common  usage 
today  and  they  are  passive  thermal 
matching  or  active  control.  In  passive 
thermal  matching  the  growth  rate  of  the 
static  members  is  thermally  matched  to 
the  thermal  growth  rate  of  the  rotating 
member.  However,  spool  speed 
variations  are  faster  than  their 
thermal  movements  and  this  does  not 
permit  the  absolute  minimum  clearances  to 
be  set .  Such  systems  do  however  have 
the  advantage  that  they  consume  no 
additional  high  energy  air  and  require  no 
control  system  and  valves  to  be 
effective.  The  alternative  system  is 
the  active  clearance  control.  This 
system  uses  air  tapped  off  the  relevant 
stage  of  HP  compressor  and  by  a  series  of 
valves  and  circumferential  pipes  pumping 
air  onto  the  outer  skin  of  static  members 
in  clearance  areas. 

It  has  the  advantage  of  being  able  to 
close  clearances  to  their  minimum  during 
steady  state  conditions,  but  must  be 
able  to  respond  in  adequate  time  to 
throttle  and  flight  inducted  variances 
in  clearance .  Recent  developments  in 
this  field  are  using  sensors  to  measure 
the  running  clearances  and  adjust  the 
air  flow  rate,  hence  modify  the  cooling 
and  shrinkage  of  the  static  member. 

Over  a  limited  radial  height  this  also 
serves  to  reduce  performance  loss, 
although  system  reliability,  which 
should  not  be  made  flight  critical,  is 
degraded  with  this  type  of  clearance 
control . 

Inside  of  the  gas  path,  the  secondary 
air  system  is  reliant  on  the 
distribution  of  small  quantities  of  air 
to  strategic  areas  of  the  engine,  the 
retention  of  oil/air  mist  in  small 
volumes  and  the  balancing  of  bearing 
loads  by  pressure  loads.  Such  systems 
rely  on  the  maintenance  of  good  seal 
performance  between  the  overhaul  lives 
of  the  engines.  It  is  not  feasible  to 
consider  active  clearance  control  for 
these  features  and  compliant  systems 
such  as  brush  seals  are  being 
rigorously  pursued.  The  other  major 
feature  which  causes  rapid  performance 
deterioration  is  the  ingress  of  water 
and  hail  from  atmospheric  conditions. 
These  have  the  effect  of  significantly 
changing  the  thermal  matching  of  the 
rotors  and  statics  with  a  subsequent 
after  rainstorm  increased  clearance,  due 
either  to  blade  length  reduction  or  wear 
of  abradable  coating.  Design  detail  of 
the  front  of  the  engine  which  aid  the 
removal  of  dirt  from  the  core  is  also 
helpful  in  removal  of  water  and  ice. 
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Some  airborne  dust  is  of  such  size  (3-10 
micron)  that  it  does  not  act 
ballistically  but  follows  the  path  of 
the  air.  Such  dust  is  prevalent  in 
certain  areas  of  the  world,  and  the  time 
of  year,  type  of  dust,  and  anticipated 
dispersal  paths  are  reasonably  well 
known.  fiy  choice,  these  areas  would  be 
avoided  but  in  the  military  operation, 
they  may  well  have  to  be  encountered. 

Since  the  dust  remains  airborne  and  is 
silica  by  composition,  it  has  two  main 
effects.  Firstly,  that  which  goes 
through  the  main  gas  path  can  then  be 
adequately  heated  to  glasify  and  form  a 
coating  typically  on  the  HP  turbine 
nozzle  and  rotor  leading  edge. 

Secondly,  some  will  enter  the  HP  turbine 
cooling  air  feed  system.  This  dust  may 
then  glasify,  and  accrete  onto  the 
internal  surface  of  the  blade.  This  can 
result  in  very  short  life  blades  since 
they  are  attempting  to  operate  with 
reduced  cooling  flow  but  worst  heat 
transfer  coefficients.  Usually 
transport  engines  are  of  sufficient  size 
to  be  able  to  minimise  such  effects,  but 
the  internal  accretion  is  feature 
dependent  and  the  design  needs  to 
acknowledge  the  requirements  to  operate 
in  this  hostile  condition. 

Long  Life 

There  are  really  two  facets  of  life  to 
the  engine.  Firstly,  the  most  obvious 
is  the  total  design  life  of  the 
component  and  secondly  the  inspection 
period  required  to  ensure  that  life. 

As  may  be  anticipated  the  key  areas  for 
life  limiting  parts  as  the  HP  turbine 
blade,  disc  and  the  combustor.  These 
components  suffer  the  highest 
temperatures,  pressures  and  densities  in 
the  engine  and  are  subject  to  cyclic 
usage.  Each  part  will  have  a  declared 
life,  which  is  normally  on  a  statistical 
basis  and  is  built  up  progressively  via 
safe  inspection  periods.  Critical 
parts,  such  as  HP  turbine  discs  are 
usually  assumed  to  generate  a  surface  or 
sub-surface  defect  during  the  first 
flight  cycle  after  each  inspection. 

The  period  of  time  between  inspections 
is  then  based  on  flight  or  throttle 
cycles,  disk  design  style  and  the 
material  properties  of  the  disc  at 
operating  condition.  This  has  given 
rise  to  lifing  methods  based  on  crack 
propagation  and  in  some  regions  of  the 
disc  of  crack  propagation  with  dwell 
imposed  in  the  cycling  of  the  disc. 

Such  measurements  of  material  properties 
are  expensive  to  make  and  difficult  to 
simulate.  Significant  differences  can 
be  found  by  changes  in  rate  of  loading, 
dwell  time  verses  relax  time  and 
duration  of  cycle.  To  the  operator  the 
most  important  aspect  is  more  likely  to 
be  how  often  he  needs  to  strip  the 
engine  for  inspection  and  not 
necessarily  on  absolute  life  component. 
Turbine  blades  and  vanes  and  combustors 
arc  more  easily  inspected  without 
necessitating  engine  removal.  This  is 
achieved  by  use  of  boroscope  ports  at 
various  locations  through  the  engine. 


Under  normal  circumstances,  the 
compression  system  will  last  the  life  of 
the  engine.  Localised  damage  from 
ingested  hard  foreign  objects  can 
usually  be  dressed  out  of  the  damaged 
blade,  which  is  usually  limited  to  the 
front  three  rows  of  the  compression 
system.  The  fan  rotor  blade,  being  the 
first  aerofoil  and  having  the  highest 
velocity  is  subject  to  the  maximum 
probability  of  damage.  Recent  designs 
have  allowed  for  'in  field'  replacement 
of  seriously  damaged  blades  and  in-situ 
balancing  procedures  have  been  made 
viable  thus  eliminating  the  strong 
out-of -balance  forces  that  would 
potentially  damage  both  the  engin  and  its 
mounting  system. 

Fuel  Burn 

The  competitive  field  of  the  civil 
operated  high  bypass  ratio  turbo  fan 
ensures  that  each  engine  manufacturer  is 
capable  of  similar  fuel  burn, 
particularly  when  considering  the  fuel 
consumption  after  a  few  thousand  flight 
hours.  By  comparison  to  the  previous 
discussions  on  reliability  and  life  then 
the  equitable  situation  of  fuel  burn 
brings  this  technology  low  down  the  list. 
There  have  been  engine  demonstration 
programs  of  significantly  reduced  fuel 
burn  configuration,  with  implicitly  range 
and  endurance  enhancements,  such  as  the 
variable  pitch  fan  (ducted)  by 
Rolls-Royce,  the  UDF  (unducted  fan)  by 
General  Electric  and  the  Advanced  Ducted 
Propulsor  by  Pratt  &  Whitney.  Each  of 
these  have  fuel  burn  merits  but  failed 
to  gain  acceptance  by  the  airframe 
community.  They  must  therefore  be 
considered  as  immature  solutions  against 
a  requirement  that  is  dominated  by 
reliabilitv  and  cost. 

MARITIME  PATROL  AIRCRAFT 

These  aircraft  are  characterised  by  the 
requirement  to  operate  in  all  weathers 
from  prepared  unrestricted  runways, 
journey  out  to  position  on  minimum  time, 
then  maximum  time  on  station  at  very  low 
engine  power  setting  and  low  altitude 
and  return  at  optimum  speed.  Dependant 
on  the  flight  distance  to  station  so  the 
idealised  choice  of  propulsion  unit 
changes  from  propeller  driven  for 
relatively  close  range,  to  the  higher 
bypass  ratio  turbo  fan  for  the  greater- 
radius  of  operation.  Since  the  loiter 
thrust  is  such  a  small  proportion  of  the 
required  take  off,  and  normal  in  flight 
thrust  requirements,  so  the  currently 
adopted  practice  of  selectively  shutting 
down  one  or  more  of  the  engines  in  a 
multi-engined  aircraft  would  appear  very 
effective.  The  adoption  of  such  a 
practice  to  minimise  thrust  and  fuel 
flow  could  not  be  matched  by  enhanced 
cycle  and  component  efficiencies. 

The  real  challenge  to  the  engine  designer 
is  not  so  much  in  performance,  but  in 
the  protection  systems  against  the 
corrosive  attack  by  salt  water.  The 
presence  of  salts  in  the  turbine  region 
can  dramatically  alter  the  declared  life 
of  the  component,  since  temperatures  are 
achieved  that  permit  inf iltratiori  and 
chemical  change  within  the  blade  and 
disc  alloys. 
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Some  re-alloying  and/or 
surface  protection  coating  development 
is  usually  necessary  to  accommodate  this 
hostile  environment. 

Regardless  of  the  idealised  propulsion 
unit  characteristics,  it  must  be 
recognised  that  the  maritime  patrol 
aircraft,  in  common  with  the  AWACS 
carries  equipment  and  sensors  that  are 
far  more  expensive  than  the  typically 
military  aircraft.  The  purpose  of  the 
aircraft  is  purely  as  a  platform  from 
which  such  equipment  can  work,  and 
although  both  airframers  and  propulsion 
engineers  can  clearly  see  improvements 
that  can  be  made  to  their  parts  of  this 
system,  it  is  usual  that  a  pragmatic 
economic  solution  is  found  which  is  not 
driven  by  the  technically  elegant 
solution. 


CCTIBAT  AIRCRAFT 


One  of  the  major  differences  between 
combat  aircraft  and  those  discussed  in 
the  preceding  scheme  is  the  wide  range 
of  operations  -  altitude,  flight  mach 
number  -  and  the  fact  that  for 
operational  reasons  they  are  forced  to 
operate  in  areas  of  their  flight  envelope 
where  neither  the  aerodynamics  of  the 
airframe,  nor  the  characteristics  of  the 
propulsion  unit  are  best  for  maximising 
the  range  or  endurance.  Each  vehicle 
needs  clarity  in  the  design  phase  of 
primary  and  secondary  roles  and  their 
relative  weightings.  Combat  vehicle 
propulsion  however  can  be  ordered  in  the 
following  way: 

adequate  reheat  and  dry  thrust 

fuel  burn  balanced  over  mission 

type 

high  reliability 

long  time  between  inspections 

stability  and  performance  retention 

Differently  from  the  Transport/Tanker/ 
AWACS  and  maritime  patrols,  the  combat 
engine  tends  to  be  more  highly  integrated 
with  the  airframe,  reducing  the  economics 
of  alternative  engine  installations 
within  the  same  airfrcime. 

In  Figure  3  a  typified  supersonic  combat 
vehicle  with  w’ ng  loading  selected  as  a 
compromise  between  high  and  low  altitude 
operations  and  subsonic  turn 
capabilities  is  shown.  For  maximum 
range  and  endurance  the  majority  of 
flight  should  occur  at  0.9  mach  number 
and  27,000ft  altitude.  Operationally 
such  an  aircraft  is  likely  to  be  flown 
in  conditions  such  as  supercruise  (i.e. 
1.4  Mach  No.  Trop  &  dry  engine)  or  0.9 
Mach  Number,  200ft,  dry  and  reheated. 

Such  operational  requirements  are 
reducing  the  range  of  the  aircraft  by 
between  40  to  60%  relative  to  what  could 
be  achieved  by  the  same  aircraft,  engine 
and  weapons  fit  when  flown  at  optimum 
condition . 


Increases  in  loiter  time,  where  loiter 
is  achieved  at  close  to  optimum  altitude 
and  flight  mach  number  are  primarily 
achieved  by  increased  fuel  tankage  in 
the  aircraft,  although  as  this  condition 
becomes  a  greater  proportion  of  fuel 
burn  so  the  optimum  cycle  pressure 
ratio,  the  bypass  ratio,  and  the 
component  efficiency  requirements  all 
start  to  rise.  This  must  be  weighed 
against  the  performance  of  the  whole 
machine  in  the  combat  phase  of  its 
mission.  In  general  the  combat  phase 
dominates  the  loiter  in  terms  of 
priorities  since  it  is  ultimately  the 
most  important  phase  of  the  flight. 


Combat  aircraft 
Relative  Specific  Air  Range 
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Figure  3. 

Concepts  of  propulsion  with  various 
degrees  of  variability  either  by  cycle 
or  component  match  via  adaptive  engine 
controls  are  under  current  developments. 
Their  target  is  to  be  able  to  optimise 
the  engine  performance  to  a 
significantly  better  level  than  could  be 
achieved  with  "fixed"  engine  with  the 
same  combat  capabilities.  A  range  or 
endurance  improvement  will  then  result. 
Such  propulsion  characteristics  are  more 
dominant  in  the  design  phase  of  a  now 
platform  where  considerable  size  and 
weight  savings  can  be  made  than  where  an 
aircraft  is  already  configured  and  only 
propulsion  unit  changes  are  made. 

Figure  4  shows  how,  with  a  new  aircraft, 
new  engine  combination  the  overall 
weight  hence  unit  size  and  cost  for 
future  more  capable  combat  aircraft  can 
be  contained  to  acceptable  levels  by  the 
advances  in  propulsion  technologies 
that  are  actively  being  pursued  within 
the  NATO  countries. 

Combat  aircraft 

Influanc*  of  ongln*  lochnology 
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Life  Consumption 

Within  the  scope  of  the  combat  vehicle 
there  are  the  two  major  facets  of  combat 
capability  and  range  capability.  As 
combat  capability  increases  so  the 
aircraft  thrust iweight  ratio  tends  to 
rise,  and  hence  the  loiter  thrust 
requirement  is  proportionally  smaller. 
Without  advances  in  propulsion  system 
efficiencies  the  range  of  these  more 
agile  vehicles  would  be  significantly 
reduced,  which  is  contrary  to 
requirement.  Two  types  of  range 
enhancements  are  currently  considered, 
they  are  the  increased  use  of  subsonic 
near  optimum  cruising,  and  the  use  of 
supercruise.  This  diversity  leads  to 
different  challenges  within  the  engine, 
particularly  in  the  utilisation  of  life 
in  the  hot  section  of  the  engine. 

These  different  modes  of  operations  can 
radically  change  the  inspection  period 
and  the  projected  life  of  these  parts. 


Combat  aircraft 
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This  same  aircraft  configuration  has  then 
'flown'  a  (European)  long  range 
interception  mission  and  the  same 
temperature/time  histories  are  show  in 
Figures.  The  combination  of  compressor 
discharge,  ie  blade  cooling  flow  supply 
temperature,  and  turbine  temperature  can 
then  be  used  to  assess  the  level  and 
duration  of  liiiely  thermal  damage  to  the 
HP  turbine  rotor  blade.  The  resulting 
potential  damage  time  history  in  Figure 
7  shows  clearly  the  differences  between 
the  missions.  Air  superiority  has  two 
damage  times,  one  at  take  off  and  the 
other  at  combat.  Although  the  elapsed 
mission  time  is  the  order  of  2|  hrs, 
damage  time  is  limited  to  approximately 
3  minutes.  Conversely,  the  long  range 
interceptor  with  supercruise  to  target 
mission  has  a  duration  of  1  hr ,  and  a 
damage  exposure  of  over  half  that  time. 


Combat  aircraft 

HP  turbine  rotor  'Thermal  damage' 
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Figure  7 . 


Figure  5. 

In  order  to  illustrate  differences  a 
model  of  an  advanced  combat  aircraft  has 
been  used  to  synthesise  two  mission 
profiles;  that  of  a  long  range 
interceptor  and  that  of  air  superiority. 
Figure  5  shows  the  compressor  discharge 
and  the  high  pressure  turbine 
temperatures  for  an  air  superiority 
mission. 


Combat  aircraft 

Long  ranga  Inlarcapt  mittion 


Life  variations  with  missions  have 
always  been  noted  but  what  is  new  here 
is  the  extended  use  of  high  power 
settings  required  for  the  supercruise 
requirement,  which  is  similar  to  the 
life  consuming  operation  of  the  I.D.S. 
Tornado  fleet.  These  differences  in 
usage  lead  to  the  necessity  to  re-alloy 
the  turbine  blade  material  such  that  the 
balance  of  creep  resistance,  oxidation 
resistance  and  thermal/direct  stress 
damage  are  satisfactory  for  the  type  of 
missions  required  to  be  flown,  and  the 
blade  life  and  inspection  periods  are 
consistent  with  the  requirements  of 
operational  readiness  and  life  cycle 
costing . 

SPECIAL  VEHICLES 

In  this  group  of  vehicles  the  dominant 
feature  is  capability.  Cost,  although 
a  consideration  comes  a  poor  second. 
Special  vehicles  exist  to  give  strategic 
or  tactical  advantage  tc  enable  an 
ultimate  win  situation.  At  this  time 
such  vehicles  tend  to  be  either  very 
high  speed  or  very  controlled  on  all 
forms  of  signature.  For  the  propulsion 
engineer  the  high  speed  vehicles  give 
the  greatest  challenges. 


Figure  6. 


Firstly,  just  as  in  the  combat 
supercruise  vehicles  use  is  made  of  high 
throttle  settings  at  high  inlet 
temperatures.  This  is  a  life  consuming 
situation  and  some  degree  of  bleed  flow 
network  compromising  is  usually  required 
to  restore  life  at  the  expense  of 
optimum  performance. 

When  flying  at  the  high  mach  numbers 
skin  heating  can  be  controlled  by  using 
the  fuel  in  the  tanks,  pumped  to  the  hot 
areas  then  on  to  the  engine.  On 
occasions  the  engine  fuel  flow  is  not 
high  enough  to  consume  all  of  the  fuel 
so  piunped,  with  the  unused  fuel  returned 
to  tank.  Over  an  extended  period  of 
time  the  tank  temperature  will  have 
elevated  to  a  point  where  inadequate 
skin  cooling  can  be  affected.  Studies 
are  in  hand  on  Endothermic  fuels  which 
will  store  more  heat  energy  than  previous 
fuels.  With  hot  fuel  the  next  section 
of  the  propulsion  unit  liable  to 
difficulties  is  the  fuel  system 
components.  Development  work  on  higher 
temperature  seals  and  improved  lifing  at 
elevated  temperatures  for  these 
components  are  necessary  activities. 

Oil  and  lubrication  systems  of  the  high 
speed  vehicles  are  always  areas  of 
concern.  In  an  engine  for  lower  speed 
flight  oil  is  often  cooled  in  the  bypass 
stream  air.  This  prevents  the 
progressive  build  up  of  temperature  in 
the  lubrication  system  which  can 
eventually  lead  to  premature  coking  in 
oilways  and  the  potential  of  air/oil 
mist  flash  fires.  As  flight  mach  number 
is  increased,  and  endurance  at  that  mach 
number  so  the  sink  to  which  the  oil  can 
loose  its  temperature  becomes  more 
limited.  These  considerations  have 
given  rise  to  the  search  for  the  higher 
temperature  oils.  Currently  oil  is 
capable  of  long  lives  up  to  200  to  250" 
for  conventional  oils,  and  up  to  450“  for 
unconventional.  Unfortunately  this 
high  temperature  oil  is  a  solid  at  room 
temperatures  which  brings  very  limiting 
operating  procedures  should  such  oil  be 
necessary.  Ideally  a  50  to  100" 
increase  in  oil  temperature  capabilities 
with  normal  operational  procedures  would 
be  of  significant  benefit  to  such 
vehicles . 

COMCLUSIONS 

A  review  of  the  propulsion  system 
technologies  for  long  range  and 
endurance  aircraft  has  indicated  some  of 
the  priorities  that  should  e  addressed 
when  developing  these  units.  There  is 
a  difference  in  the  order  of 
technologies  between  different 
operational  requirements.  Transport 
type  vehicles  would  best  be  powered  by 
minor  derivatives  of  civil  airlines, 
bringing  with  them  the  benefits  of 
longevity,  reliability  and  a  worldwide 
technician  infrastructure.  As  range  is 
increased  and  deployment  time  reduced  so 
the  need  to  increase  flight  speed 
becomes  inevitable. 


Combat  aircraft  with  increases  in  range 
or  endurance  will,  without  adoption  of 
advanced  propulsion  systems,  become 
larger,  heavier  and  significantly  more 
expensive  to  own  and  operate.  The 
currently  favoured  supercruise  consumes 
turbine  and  hot  section  lives 
considerably  faster  than  cruise  at 
optimum  aircraft  altitude  and  speed. 

Special  vehicles  with  sustained  high 
flight  mach  number  are  challenging  the 
capabilities  of  fuels  and  oils,  both 
from  a  thermal  capacity  and  system 
operating  viewpoint. 
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The  STRATO  2C  Propulsion  System 
A  Low  Cost  Approach  for  a  High  Altitude  Long  Endurance  Aircraft 


H.  Tonskotter 

Industrieanlagen-Betriebsgesellschaft  mbH 
EinsteinstraBe  20 
8012  Ottobrunn 
Germany 


SUMMARY 

For  the  STRATO  2C  -  a  High  Altitude  Long  En- 
dvirance  Research  Aircraft  -  a  low  cost  propulsion  sy¬ 
stem  was  desigined  and  is  now  under  development. 

The  approach  to  achieve  the  aim  of  low  development, 
procurement  and  in-service  costs  is  a  compound  pro¬ 
pulsion  system  based  on  a  highly  supercharged  li¬ 
quid  cooled  piston  engine  with  charge  air  inter-coo- 
ling  and  the  extensive  usage  of  available  compo¬ 
nents. 

The  concept  of  the  propulsion  system  and  the  main 
components  are  described.  Aspects  of  controUing  the 
three-stage  turbocharger  system  are  discussed.  The 
way  how  to  realize  the  power  plant  in  three  years  is 
presented  and  the  test  program  is  addressed. 

1.  '  INTRODUCTION 

The  STRATO  2C  is  a  High  Altitude  Long  Endurance 
Aircraft  which  is  developed  by  GROB*  on  behalf  of 
the  Germein  Ministry  of  Research  and  Technology. 
The  aircraft  will  be  operated  by  the  DLR**  and  is 
part  of  a  stratosphere  research  program. 


Fig.  1:  STRATO  2C 


*  BURKHART  GROB  Luft-  und  Raumfahrt 
GmbH  &  Co  KG,  8939  Mattsies 


The  STRATO  2C  has  a  takeoff  weight  of  about 
12  000  kg  and  a  wing  span  of  56  m.  The  pressurized 
cabin  is  designed  for  2/3  scientists  and  provides  ma¬ 
ximum  flexibility  with  respect  to  the  instsdlation  of 
measuring  eqmpment  and  to  the  performance  of  re¬ 
search  work  during  high  altitude  long  endurance 
missions.  The  aircraft  is  powered  by  two  300  kW 
compound  engines  installed  in  nacelles  above  the 
wing  driving  two  5  bladed  propellers  in  a  pusher  con¬ 
figuration  (Fig.  1). 

The  aircraft  is  designed  for  a  cruise  of  8  hours  at 
24  km  and  at  Mach  0.5  with  a  range  of  7000  km 
without  refueUing  or  48  hours  at  18  km  altitude 
(Fig.  2). 


Fig.  2:  Mission  Profiles 


2.  STRATO  2C  PROPULSION  SYSTEM 

During  the  concept  phase  various  propulsion  systems 
have  been  evaluated.  The  result  was,  that  the  com¬ 
pound  engine  as  described  below  is  the  most  suitable 
one  (Ref  1). 

The  term  "compound  engine"  is  used  for  this  propul¬ 
sion  system  as  the  300  kW  piston  engine  is  combined 
with  the  gas  generator  of  a  2000  kW  turboprop  en¬ 
gine  which  serves  as  a  turbocharger  and  provides  an 
additional  jet  thrust  of  about  12  %  of  the  propeller 
thrust. 


**  Deutsche  Forschungsanstalt  fiir  Luft-  und 
Raumfahrt  e.V.,  K6ln 
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2.1  Propulsion  System  Concept 

Initial  studies  showed  that  the  requirement  of  low 
cost,  low  risk  and  short  development  time  can  only  be 
met  by  the  extensive  usage  of  available  mature  com¬ 
ponents.  Therefore,  a  liquid  cooled  Teledyne  Conti¬ 
nental  piston  engine  and  a  Pratt  &  Whitney  Canada 
PW127  gas  generator  were  choosen  as  the  main 
propulsion  system  components. 

The  propulsion  system  consists  of  two  major  propul¬ 
sion  groups. 

The  first  group  consists  of  the  piston  engine  with  a 
standard  turbocharger,  the  reduction  gearbox  and 
the  propeller.  This  system  is  controlled  by  three  le¬ 
vers  (propeller  speed,  manifold  pressure  and  fuel/air 
mixture)  which  are  operated  by  the  pilot.  A  standard 
hydraulically  driven  exhaust  wastegate  controls  the 
turbocharger.  Hence,  during  takeoff  and  landing  and 
up  to  about  7  km  flight  altitude  the  propulsion  sy¬ 
stem  works  like  a  conventional  piston  engine  with 
propeller. 

For  higher  altitudes  the  second  propulsion  group  - 
the  LP  charger  ■  is  switched  on.  The  LP  charger  pro¬ 
vides  charged  air  at  a  pressure  that  allows  the  piston 
engine  to  maintain  300  kW  shaft  power  up  to  about 
24  km.  This  propulsion  group  is  controlled  by  a  new 
digital  control  unit  and  provides  an  additional  thrust 
of  about  12  %  at  design  altitude.  The  LP  charger  has 
its  own  oil  system  and  integrated  charge  air  coolers 
and  is  installed  at  the  front  of  the  nacelle.  The  inlet 
can  be  closed  to  avoid  FOD  and  icing  problems. 

Fig.  3  shows  the  propulsion  system  and  the  arran¬ 
gement  of  the  components. 

2.2  Propulsion  System  Components 

Piston  Engine 

The  piston  enigne  is  a  certified  Teledyne  Continental 
Motors  (TCM)  TS1OL-550-A  direct  drive  liquid  cooled 
opposed  cyhnder  engine  with  a  displacement  volume 
of  9  litres  and  a  compression  ratio  of  7.5:1.  This  en¬ 
gine  provides  260  kW  at  2700  rpm.  For  STRATO  2C 


the  engine  operates  at  3100  rpm  to  provide  300  kW 
shaft  power.  The  engine  has  the  potential  of  340  kW 
at  3400  rpm. 

Teledyne  was  selected  as  they  are  the  only  company 
offering  certified  hquid  cooled  piston  engines  for 
aircraft.  Furthermore,  they  offer  high  altitude  expe¬ 
rience  gained  during  the  Condor  program  (Ref  2). 

In  a  pretest  TCM  demonstrated  the  performance  of 
the  engine  and  defined  the  necessary  modifications 
for  the  high  altitude  application.  The  heat  of  the  en¬ 
gine  is  rejected  by  a  water  cooler  (Ethylen 
Glycol/water)  and  by  an  oil  cooler. 

The  turbocharger  is  a  standard  Garrett  unit  with  in¬ 
creased  compressor  and  turbine  capacity  compared  to 
the  basic  engine.  The  required  manifold  pressure  is 
controlled  by  a  standard  hydrauhc  system  with  an 
exhaust  wastegate  at  turbine  inlet. 

The  capacity  of  the  oil  sump  is  increased  for  the  long 
endurance  mission  and  the  crankcase  is  pressurized 
to  avoid  oil  pump  cavitation  and  unacceptable  flow 
degradation.  The  engine  is  started  with  an  air  tur¬ 
bine  starter  mounted  on  the  engine.  A  flywheel  and 
elastomer  couplings  are  integrated  in  the  drive  sy¬ 
stem  to  reduce  torsional  vibration. 

Gearbox 

The  Gearbox  is  a  new  design  and  is  developed  by  ZF 
(Zahnrcdfabrik  Friedrichshafen).  It  is  a  two-stage 
gearbox  with  an  integral  oil  system  and  drive  pads 
for  the  oil  cooled  variable  speed  DC  generator  and 
the  propeller  governor.  Magnesium  casting  for  the 
gearbox  case  and  a  titanium  propeUer  shaft  are  used 
to  reduce  weight. 

Turbine  oil  according  to  MIL-L-23699C  Amend.  I  is 
used  to  improve  starting  at  low  temperatures  and  to 
cover  maintenance  aspects  (same  oil  for  gearbox  and 
LP  charger).  A  separate  gearbox  instead  of  an  inte¬ 
gral  version  based  on  the  geared  GTSIO-520  engine 
was  choosen  as  the  separate  gearbox  allows  an  indi¬ 
vidual  mounting  of  the  gearbox  and  of  the  piston  en¬ 
gine  according  to  the  different  stiffness  and  fre¬ 
quency  requirements. 


Cooing  Fan  tar 
OrownO  Gloating  only 
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Propeller 

Due  to  the  low  air  density  at  24  km  the  propeller  has 
a  diameter  of  6  m  and  five  light  weight  composite 
blades.  For  the  demonstrator  aircraft  a  low  risk  desi¬ 
gn  featuring  a  wooden  spar  and  a  composite  shell 
was  choosen  by  the  manufacturer  MT-Propeller, 
Straubing.  The  propeller  design  will  be  verified  in  a 
wind  tunnel  test  under  simulated  pusher  conditions. 

Control  of  the  propeller  is  accomplished  by  a  hydrau¬ 
lic  governor  which  is  driven  by  the  propeller  gearbox 
and  integrated  into  the  oil  system  of  the  gearbox. 
Due  to  the  very  low  propeller  speed  (640  rpm)  a  con¬ 
ventional  feathering  system  with  counter  weights  is 
not  very  effective.  Therefore,  an  aU  hydraulic  system 
with  a  separate  emergency  feathering  pump  supplied 
with  oil  out  of  a  separate  volume  in  the  gearbox  oil 
sump  is  considered. 

An  originally  specified  all  electrical  propeller  control 
system  was  rejected  due  to  cost  reasons. 

LP  Turbocharger 

Within  the  given  cost  and  time  firame  the  develop¬ 
ment  of  a  new  turbocharger  was  not  possible.  There¬ 
fore,  is  was  necessary  to  find  an  available  system, 
which  could  be  adapted  to  the  STRATO  2C  applica¬ 
tion.  As  the  performance  of  radial  compressors  is  less 
sensitive  to  low  Reynolds  Numbers  a  two-stage  ra¬ 
dial  compression  system  was  preferred.  The  biggest 
and  most  suitable  available  system  was  the  gas  ge¬ 
nerator  of  the  Pratt  &  Whitney  Canada  (P&WC) 
PW127  turboprop  engine.  It  is  a  two-spool  gas  gene¬ 
rator  with  a  radial  compressor  and  a  single  axial 
turbine  stage  on  each  spool. 

Due  to  the  two-spool  eirrangement  2ind  the  externally 
mounted  LPC  diffuser  tabes  only  limited  modifica¬ 
tions  for  the  integration  of  the  intercooler  (LP  cooler) 
were  necessary  (Fig.  4). 

The  original  bow  diffusers  are  replaced  by  straight 
difiFiisers  connected  to  a  carbon  fibre  collecting  case. 
To  compensate  for  different  thermal  behaviour  of  the 

Modification  of  PW127  Gas  Generator 
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Fig.  4:  Modification  of  PW 127  Gas  Generator 


metal  diffuser  case  and  the  composite  collecting  case 
the  new  diffuser  tubes  are  partially  made  of  a  silico¬ 
ne  based  rubber  material  already  used  in  aircraft 
applications. 

To  minimize  the  front  area  and  hence  the  diameter  of 
the  engine  nacelle  the  LP  coolers  are  top  and  bottom 
mounted  and  the  IP  coolers  are  side  mounted 
(Fig.  5). 


LP  Turt>oci)«rg«r  Syttun 


Fig.  5;  LP  Turbocharger  System 

The  former  combustion  chamber  is  divided  into  two 
cavities.  The  air  from  the  intermediate  compressor 
passes  the  outer  cavity  and  is  directed  through  14 
holes  in  the  gas  generator  case  to  the  IP  coolers 
(Pig.  4). 

The  exhaust  gas  coming  fi-om  the  turbine  of  the  HP 
turbocharger  is  distributed  in  a  manifold  outside  of 
the  LP  charger  and  enters  the  inner  cavity  through 
12  tubes  integrated  into  the  turbine  support  caise.  To 
allow  different  thermal  growth  the  tubes  are  equiped 
with  bellows.  AU  hot  parts  and  modifications  in  the 
turbine  section  are  made  of  Inconel  718  and  625. 

Compared  with  the  turboprop  application  the  PW127 
gas  generator  operates  at  lower  air  (inter-cooling) 
and  lower  gas  temeratures.  Therefore,  oil  flow  to  the 
bearings  and  turbine  cooling  flow  could  be  reduced. 

To  rematch  the  compressors  P&WC  has  increased 
the  IP  turbine  capacity  by  about  4.5  %  and  reduced 
the  LPT  capacity  by  12  %. 

Due  to  the  low  pressure  in  the  bearing  chambers  at 
high  altitude  the  blow  down  oil  scavenge  system  is 
replaced  by  individual  oil  scavenge  pumps  for  each 
bearing  chamber.  The  oil  pressure  and  scavenge 
pumps  are  part  of  a  separate  oil  unit,  which  also  in¬ 
corporates  the  oil  tank,  the  oil  filter  and  the  air/oil 
separator.  The  design  of  the  oil  pumps  was  verified 
at  LABG  in  an  altitude  test  facility. 

Heat  Exchangers 

A  total  heat  rejection  of  about  300  kW  at  an  altitude 
of  about  24  km  requires  very  large  heat  exchangers 
with  a  total  fix>nt  area  of  3.5  m*.  Inter-cooling  of  the 
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charge  air  ia  accomplished  by  air-to-air  heat  exchan¬ 
gers.  The  piston  engine  is  cooled  by  liquid-to-aic  heat 
exchangers  (Table  1). 
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Table  1:  Heat  Exchangers 

The  aluminium  coolers  are  manufactured  by  Behr, 
Stuttgart.  The  heat  exchangers  were  optimized  ta¬ 
king  into  account  the  weight,  the  fix>nt  area  (nacelle 
drag)  and  the  pressure  losses  (drag  and  exhaust 
thrust  of  the  LP  charger).  As  the  nacelle  flow  is  hea¬ 
ted  when  passing  the  heat  exchangers  the  internal 
drag  of  the  nacelle  is  very  low. 

2.3  Control  System 

To  reduce  risk  and  cost  the  standard  control  system 
of  the  piston  engine  is  used. 

The  piston  engine  is  controlled  by  the  pilot  versus 
three  levers  (propeller  speed,  manifold  pressure  and 
fuel/air  mixture).  A  standard  exhaust  wastegate  at 
turbine  inlet  which  is  operated  by  engine  oil  controls 
the  manifold  pressure  in  the  air  inlet  of  the  piston 


Fig.  6:  Turbocharging  System  and  Control 


engine  The  hydraulic  propeller  governor  at  the 
gearbox  adjusts  the  propeller  blade  angle  such  that 
the  required  propeller  speed  is  constant. 


Above  the  flight  altitude  of  7  km  the  LP  charger  is 
switched  on  (Pig.  6). 

While  the  turbine  sections  of  both  chargers  are  con¬ 
trolled  by  the  exhaust  wastegate  (Option  "B")  of  the 
HP  charger  matching  of  the  LP  charger  compressors 
is  achieved  by  LP  and  IP  bleed  (Fig.  6). 

LP  charger  and  oil  unit  switching  on  and  off,  bleed 
valve  positioning  and  overspeed  control  is  carried  out 
by  a  new  digital  control  unit.  The  valves  are  operated 
by  stepper  motors. 

Instead  of  the  exhaust  wastegate  an  HP  bleed  valve 
(Option  "A”)  can  be  used  to  control  the  turbocharger 
system.  The  advantage  is  that  the  spool  speeds  of  the 
LP  charger  at  low  altitudes  are  much  higher 
(Table  2).  If  the  LP  charger  operates  at  too  low 
speeds  sealing  of  the  bearing  chambers  may  become 
a  problem. 
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Table  2:  Comparison  of  STRATO  2C 
Propulsion  Control  Options 


On  the  other  hand  a  power  increase  e.g.  for  takeoff 
and  for  climb/manoeuvering  at  high  altitudes  by  ope¬ 
rating  the  piston  engine  with  a  rich  fuel/air  mixture 
is  not  possible  as  afterburning  of  the  unbumed  fuel 
downstream  of  the  HP  bleed  air  injection  into  the 
exhaust  system  cannot  be  excluded. 

Although  the  nozzle  pressure  ratio  of  Option  "B"  is 
lower  at  low  altitudes,  the  equivalent  shaft  power 
(shaft  power  plus  the  equivalent  power  of  the  ex¬ 
haust  thrust)  is  higher  and  fuel  consumption  is  re¬ 
duced  compared  with  Option  "A".  This  is  because  Op¬ 
tion  "B"  provides  less  throttling  to  the  piston  engine 
at  the  exhaust  aide  resxilting  in  higher  shaft  power  at 
constant  manifold  pressure.  Furthermore,  the  total 
amount  of  bleed  flow  (air  &  exhaust)  is  lower. 

The  operating  lines  in  a  typical  HP  compressor  map 
at  given  LP  and  IP  operating  lines  are  shown  in 
Fig.  7. 
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7:  HP  Compressor  Operating  lines 

2.4  Engine  Rating 

As  the  propeller  is  designed  for  optimum  cruise  at 
24  km  the  efficiency  of  the  propeller  decreases  rapid¬ 
ly  at  low  altitudes  and  low  flight  velocities.  There¬ 
fore,  a  two  speed  gearbox  allowing  the  propeller  to 
run  at  reduced  speed  at  low  altitudes  would  be  desi¬ 
rable. 

To  avoid  the  complexity  of  a  two  speed  gearbox  the 
potential  of  the  piston  engine  to  provide  for  a  short 
time  the  same  shaft  power  at  lower  speed  by  increa¬ 
sing  the  manifold  pressure  and  by  rich  fuel/air  mix¬ 
ture  is  used  for  STRATO  2C. 


Table  3  shows  the  engine  ratings. 
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Table  3:  Engine  Ratings 

3  PROPULSION  SYSTEM  DEVELOPMENT 

The  QROB  Luft-  und  Raumfahrt  GmbH  is  the  main 
contractor  for  the  development  and  the  production  of 
the  STRATO  2C  aircraft  (Fig.  8). 

lABQ  is  contracted  by  OROB  to  design  tht>  STRATO 
2C  propulsion  system,  to  carry  out  the  performance 
calculation,  to  define  the  control  schedules  and  the 
control  system,  to  integrate  the  propulsion  compo¬ 
nents,  to  prepare  and  carry  out  the  verification 
testing  in  ffie  altitude  test  fac^ty  (ATF)  and  to  coor¬ 
dinate  the  development  and  the  hardware  supply  of 
the  suboontractors. 


Pig.  8;  Organization  of  STRATO  2C  F*ropulsion 
System  Development 

The  engine  nacelle,  the  frame  for  mounting  the  pro¬ 
pulsion  components  and  the  hardware  that  is  not 
supplied  by  subcontractors  are  manufactured  by 
GROB.  Furthermore,  GROB  assembles  the  propul¬ 
sion  systems  and  carries  out  the  propulsion  installa¬ 
tion  into  the  aircraft. 

As  shown  in  Fig.  9  the  development  started  in  May 
1992. 

The  first  batch  of  contracts  covers  the  development 
and  supply  of  hardware  for  ATF  testing.  After  the 
verification  of  the  design  by  the  ATF  tests  a  second 
batch  of  contracts  will  be  issued  covering  the  hard¬ 
ware  supply  for  the  demonstrator  aircraft  (POC). 

Following  the  design  verification  by  POC  fiight 
testing  final  improvement  of  the  propulsion  system 
as  capacity  increjise  of  first  LP  charger  compressor 
by  about  8  %  and  reduction  of  fuel  consumption  of 
the  piston  engine  which  are  not  necessary  for  the 
demonstrator  will  be  carried  out  and  integrated  in 
the  ATF  and  flight  versions  of  the  propulsion  system. 

4.  VERIFICATION  TESTING 

Due  to  the  high  altitude  application  the  main  design 
verification  can  only  be  accomplished  by  ATF  testing. 
This  is  done  in  the  Altitude  Test  Facility  at  the  Uni¬ 
versity  of  Stuttgart. 

ATF  testing  of  the  complete  LP  charger  system  incl. 
heat  exchanger  and  oil  unit  has  started  in  May  1993. 
Fig.  10  shows  the  test  arrangement.  The  LP  charger 
is  driven  by  hot  gas  generated  with  a  600  kW  natural 
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Fig.  9:  Schedule  of  STRATO  2C  Propulsion  System  Development 


gas  burner.  The  capability  of  the  test  facility  is  ex¬ 
tended  to  25  km  altitude  by  the  introduction  of  an 
ejector. 

The  first  run  was  carried  out  at  an  altitude  of  15  km. 
On  the  following  day  22  km  were  reached  without 
problems  except  an  external  oil  leak.  In  June  testing 
will  be  continued  up  to  24  km. 


CONCLUSIONS 

The  propulsion  system  of  the  24  km  bng  endurance 
adrcraft  STRATO  2C  is  the  next  milestone  after  the 
Condor  21  km  -  engine  on  the  way  to  a  30  kra  power 
plant.  For  24  km  a  three-stage  turbocharging  system 
was  necessary  with  larger  heat  exchangers  - 
compared  to  21  km  •  and  increased  control  effort. 


Fig.  10:  ATF  Testing  of  the  LP  Charger  System 


The  STRATO  2C  compound  engine  is  a  compact  de¬ 
sign  which  can  be  realized  with  relatively  low  cost 
and  in  a  short  time  by  the  extensive  usage  of  avail¬ 
able  hardware. 

At  low  altitudes  the  engine  operates  similar  to  a  con¬ 
ventional  turbocharged  piston  engine  with  propeller. 
At  higher  altitudes  a  self-contained  LP  charger  sy¬ 
stem  is  switched  on.  Individual  air-to-air  coolers  are 
integrated  to  avoid  the  additional  weight  of  a  Liquid 
heat  transfer  system  for  the  charge  air  cooling. 

ATF  testing  of  the  LP  charger  system  with  integral 
heat  exchangers  and  the  new  oil  supply  &  scavenge 
unit  has  started  in  May  1993  and  the  first  runs  up  to 
22  km  have  been  successfully  completed. 
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SUMMARY 

Long  distance  operations  are  characterized  by  rapid  multiple  time-zone  changes  and  long 
ineyular  work  schedules.  Performance  and  alertness  o?  aircrew  engaged  in  these  operations  might  be 
affected  by  circadian  disruptions,  sleep  loss,  workload,  and  cockpit-environmental  factors,  such  as  lower 
pressure,  low  relative  humidity.  aruJ  constant  oackground  noise.  Recent  literatuie  on  the  various  factors, 
which  contribute  to  fatigue  and  reduced  alertness  of  pilots,  is  reviewed. 


^  INTRODUCTION 

Technological  developments  and  operational  requirements  result  in  an  ever  increase  of 
distances  flown  non-stop  and  an  incijase  of  duration  of  missions.  In  emergency  situations  Air  Force 
pilots  must  perform  extremely  fatiguing  missions  over  a  considerable  period  of  time.  Although  Air  Force 
flying  schedules  are  not  commonly  flown  by  commercial  airline  pilots,  the  airline  industry  is  also 
concerned  about  the  effects  of  long-haul  operations  on  performance  and  wellbeing  of  pilots.  Long-haul 
operations  are  characterized  by  rapid  multiple  time  tone  changes,  sleep  disturbances,  circadian 
disruptions,  and  long  irregular  work  schedules.  These  factors  ccn  result  in  pilot  fatigue,  wich  might  have 
adverse  effecto  on  safety  and  operational  effectiveness.  Long-haul  wide-body  flight  operations  have 
almost  a  three  times  higher  loss  ratio  compared  to  short-  and  medium-range  flights  (1)  Many  pilots  will 
describe  snecdotally  the  overwhelming  fatigue  and  sleepiness  associated  with  trans-atlantic  a'l-night 
flying  and  Aviation  Safety  Reporting  Systems  receive  reports  of  long-haul  crev  •  on  the  role  of  fatigue, 
sleep  loss,  and  sleepiness  in  relevant  operational  errors.  The  reported  errors  ini,  ude  altitude  deviations, 
improper  fuel  calculations,  track  deviations,  la.iding  without  clearance,  and  landing  on  an  incorrect 
runway  (2).  The  cockpit  environment  with  lower  pressure,  low  relative  humidity,  constant  background 
noise,  dim  lighting,  and  a  low  workload  during  cruise-flight  can  contribute  to  the  difficulty  of  remaining 
vigilant  and  awake  (3).  On  long-haul  operations  a  pilot  has  to  remain  vigilant  for  long  periods  of  time  in 
a  relatively  monotonous  environment  Piloting  modern  aircraft  requires  complex  psychomotor  coordinati¬ 
on,  high  rates  of  information  processing,  and  high  speed  of  decision  making.  These  cepacities  are 
particularly  affected  by  fatigue  and  sleep  loss  (4). 

After  discussion  of  the  concept  of  fatigue,  the  relevant  factors  which  affect  pei^rirmance  of 
aircrew  on  long-haul  and  long-duration  operations  will  be  described.  In  this  context  the  following 
categories  of  factors  will  be  dealt  with:  circadian  disruption,  cockpit  environment,  and  workload 


2.  THE  CONCEPT  OF  FATIGUE 

Most  literature  on  the  effects  of  long  distance  and  long  endurance  operation  of  aircraft 
considers  fatigue  as  a  major  cause  of  impairment  of  pilot  performance.  However,  the  definition  of  fatigue 
is  subject  to  much  disagreement.  The  inability  to  develop  an  adequate  definition  of  fatigue  has  alwi  s 
plagued  research  on  rest-activity  schedules.  Fatigue  can  be  defined  in  terms  of  performance  decremei  , 
of  subjective  feelings  of  fatigue,  and  in  terms  of  physiological  changes.  At  present,  subjective  feelings  of 
fatigue  are  made  the  primary  emphasis  of  the  definition.  Subjective  fatigue  is  that  subjective  sense  of 
weariness  resulting  from  the  duties  of  piloting  an  aircraf*  which  is  considered  to  be  excess  of  the 
expected  normal  fatigue.  Perelli  (4)  states  that  the  concept  of  fatigue  is  best  defined  as  a  subjective 
feeling;  and,  provided  that  the  intensity  of  the  fatigue  stressor  is  severe  enough,  the  subjective  report  of 
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This  has  an  additional  advantage  since 
such  reliability  of  product  minimises  the 
financial  outlay  required  in  the  early 
days  of  introduction  to  service,  at  a 
time  when  finances  are  best  focused  to 
the  procurement  of  the  required  fleet 
numbers. 


These  can  be  achieved  in  two  ways: 

Same  fleet  size  and  container 
volume  with  reduced  flight  times 

Increased  container  volume  or  fleet 
size 
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fatigue  should"  be  expected  to  be  corra'ated  with  a  wide  range  of  performance  decrements.  In  most  real- 
world  situations,  the  direct  relation  between  subjective  feelings  of  fatigue  and  performance  decrement  is 
difficult  to  demonstrate.  In  laboratory  research,  results  on  a  wide  range  of  performance  tests  show 
various  levels  of  correlation  with  subjective  data  on  fatigue.  In  most  cases,  these  tests  lack  face-validity 
in  the  context  of  pilot  performance.  Results  on  tests  of  pilot  performance  in  a  flight-simulator  often  fail  to 
demonstrate  a  direct  relation  between  subjective  fatigue  scores  and  pilot  performance,  because  in  this 
kind  of  tests  a  variety  of  factors,  which  influence  results,  is  involved  (proficiency  on  the  simulator, 
motivation,  difficulty  of  the  simulated  flight).  A  shortcoming  of  all  pilot-performance  evaluation  systems  is 
that  the  flight  profiles  flown  are  o'ten  extremely  simple  and  highly  repetitive  due  to  the  nature  of  the 
scoring  system. 

For  practical  purposes  fatigue  can  be  subdevided  in  three  categories  (5): 

1 .  acute  fatigue,  which  normally  occurs  between  a  pair  of  sleep  periods.  Acute  fatigue  would 
cause  performance  decrement  only  on  tasks  requiring  the  highest  degree  of  performance 
capability. 

2.  cumulative  .  .igue,  which  accumulates  over  a  period  of  days  or  weeks  owing  to  the 
inadequate  recovery  from  successive  periods  of  acute  fatigue.  During  cumulative  fatigue,  the 
most  operationally  significant  performance  decrement  would  occur 

3.  chronic  fatigue,  which  is  a  psychoneurotic  syndrome  characterized  by  difficulty  in  committing 
oneself  to  an  agressive  course  of  action,  and  by  generalized  withdrawal  or  retreat  from 
confl'  which  is  intolerable  for  situational  or  personality  reasons.  Chronic  fatigue  is  rarely 
seer,  .n  pilots. 


In  the  context  of  performance  decrement  during  long-haul  and  long  endurance  operations 
cumulative  fatigue  plays  a  major  role.  In  these  operations  cumulative  fatigue  is  caused  by  circadian 
disruption  (sleep  loss),  long  irregular  work  schedules,  and  accumulation  of  acute  fatigue  (caused  by 
long  daily  missions,  cockpit  environmental  conditions,  workload). 


3.  CIRCADIAN  DISRUPTION 

Human  circadian  rhythms  (i,e  about  2A  hour)  are  internally  controlled  by  a  biological  clock  in 
the  brain.  It  has  been  demonstrated  that  many  biological  functions,  such  as  sleep,  wakefulness,  body 
temperature,  activity,  hormone  secretion,  etc.  fluctuate  over  a  24-hr  period.  As  most  long-haul 
operations  involve  rapid  crossing  of  multiple  time-zones,  the  human  circadian  clock  has  to  adjust  quickly 
to  a  new  environmental  time.  However,  the  internal  biological  clock  can  only  adjust  to  a  new  external 
time  at  a  slow  rate  The  result  is  a  mismatch  between  biological  rhythms  and  environmental  synchroni¬ 
zers  ("zeitgebers"  such  as  daylight,  meals),  leading  to  a  disorganization  of  internal  physiological  and 
psychological  rhythms  ("jet  lag")  The  more  time-zones  crossed,  the  greater  the  adjustment  required  by 
the  circadiar  clock.  It  is  known  that  there  are  wide  individual  differences  in  the  ability  to  adjust  to  new 
time-zones.  It  is  also  known  that,  generally,  adjustment  will  be  slower  and  more  difficult  when  flying 
eastward  as  compared  to  westward  flights 

3.1.  Sleep  loss 

An  important  consequence  of  circadian  disruptions  by  rapid  time-zone  changes  is  that  the 
sleep-wakefulness  rhythm  is  desynchronized  with  the  new  environmental  time  The  result  is  usually  sleep 
loss  caused  by  a  short  duration  of  sleep  Several  studies  have  provided  objective  evidence  for  the 
occurrence  of  disturbances  of  the  physiological  sleeping  pattern  in  cockpitcrew  after  a  transmeridian 
flight  (6,  7).  In  1988  the  Netherlands  Aerospace  Medical  Centre  conducted  an  inquiry  into  the  occurren¬ 
ce  of  sleep  disturbances  among  cockpitcrew  of  two  Dutch  airlines  (8)  Anonymized  questionnaires, 
comprising  24  items  concerning  sleep  and  the  use  of  sleeping  aids/methods,  were  mailed  to  1191 
cockpit-crewmembers.  The  Groningen  Sleep  Quality  Scale  (GSQS,  9)  was  used  to  evaluate  sleep 
quality.  On  all  items  the  home  situation  was  compared  to  the  layover  situation  The  response  was  60%, 
and  a  positive  correlation  between  operating  on  transmeridian  flights  and  complaints  abou'  sleep 
duration  and  the  quality  of  sleep  was  demonstrated  Sleep  quality  during  layovers  was  sigi  .icantly 
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worse  than  at  home  {p<.0001).  47%  Of  the  transmeridian  flying  crewmembers  with  sleep  disturbances 
judged  their  disturbed  sleep  to  affect  their  performance  in  the  cockpit.  Sleeping  aids  used  during 
layovers  included  alcohol  and  hypnotics.  An  example  of  disrupted  sleep  during  layover  is  presented  in 
figures  1  and  2.  These  figures  represent  results  of  a  study  by  Simons  and  Valk  (10)  in  which  quantity 
and  quality  of  sleep  at  home,  onboard,  and  during  layovers  have  been  studied  in  20  crewmembers 
performing  their  normal  operational  tasks  on  trips  from  Amsterdam  to  Singapore  (AMS-SIN-AMS,  flight 
time:  approx.  12  hr;  time  difference:  7  hr)  and  to  Bangkok  (AMS-BKK-AMS,  flight  time:  approx.  11  hr; 
time  difference:  6  hr).  In  a  within  subjects  design  aircrew  was  studied  on  each  of  both  trips  (40  cases). 
Time  in  bed  was  assessed  subjectively  (daily  logs)  and  objectively  (wrist  worn  actigraph),  while  sleep 
quality  was  measured  by  the  GSQS.  As  is  shown  in  figure  1 ,  sleep  was  significantly  shorter  on  the  2nd 
and  3rd  layover  night,  while  sleep  quality  was  poor  on  the  2nd  layover  night. 


Time  Spent  in  Bed 


Sieep  Quality  (GSQS) 


Figure  1;  Time  spent  in  bed  at  home  and  during 
layovers 


Figure  2  Sleep  quality  at  home  and  during  layovers. 
Highest  score  represents  poorest  quality. 


Over  time  disrupted  and  shortened  sleep  results  in  a  cumulative  sleep  loss  and  sleep  debt  The 
potential  results  of  sleep  loss  are  performance  lapses,  slowed  mental  processing  and  decision-making, 
and  reduced  memory  function  (11). 

3.2.  Irregular  shift  work 

Scientific  research  has  shown  that  the  biological  c'  ..  not  only  organizes  nocturnal  sleep,  but 
also  regulates  the  daily  level  of  sleepiness  and  alertness.  In  a  24-hr  period  there  are  two  distinct  periorls 
of  maximal  sleepiness  (minimal  alertness)  for  a  normal,  healthy,  non-sleep  deprived  individual  during 
early  morning  hours  (about  4-5  a  m.)  and  during  mkJ-to-late  afternoon  hours  (about  3-5  p.m.)  (12)  While 
various  strategies  are  used  to  combat  these  periods  of  biological  sleepiness,  it  is  clearly  a  window  of 
increased  vulnerability  to  reduced  performance  and  alertness.  It  is  known  that  sleep  loss  exacerbates 
this  situation  by  increasing  the  level  of  sleepiness  at  all  times  of  day.  In  irregular  shift  work,  a  night  flight 
might  coincide  with  a  window  of  maximal  sleepiness  which  creates  an  increased  vulnerability  to 
impaired  performance  and  reduced  alertness. 
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The  quality  of  performance  is,  in  part,  a  function  of  the  time  of  day.  Generally,  performance  has  been 
found  to  improve  steadily  from  morning  to  early  evening,  then  plateau,  and  next  decline,  reaching  its 
lowest  level  around  04.00  a.m.  (13). 

Perelli  (4)  and  many  others  showed  that  time  awake  prior  to  flight  is  a  major  determinant  of 
aircrew  performance.  Therefore,  it  is  recommended  that  flight  scheduiing  personnel  as  much  as  possible 
take  this  factor  into  consideration,  when  planning  missions.  Moreover,  aircrew  involved  in  long-haul 
operations  should  be  advised  on  rest  schedules  prior  to  a  flight  and  during  layovers. 


4.  COCKPIT  ENVIRONMENT 

Extended  flight  times  also  implicate  prolonged  exposure  to  physical  cockpit-conditions  which 
might  affect  the  physical  and  psychological  condition  of  aircrew.  These  physical  cockpit-conditions 
include  lower  cabinpressure,  low  relative  humidity,  ozone,  and  noise  (3). 

4.1.  Cabinpressure 

In  practice,  during  a  long-haul  commercial  or  military  transport  flight,  the  pressure  in  the  cabin  is 
maintained  at  a  cabin  altitude  equivalent  to  an  altitude  of  about  6000-8000  ft.,  which  corresponds  with 
an  atmospheric  pressure  between  81.2  and  75.2  kPa  (pressure  at  sea  level:  101.3  kPa).  The  lower 
ambient  pressure  leads  to  expansion  of  the  gases  entrapped  in  the  cavities  of  the  body.  For  a  healthy 
individual  operating  at  8000  ft  this  may  result  in  only  minor  symptoms  (mild  abdominal  discomfort, 
flatulence,  belching). 


Table  1:  Atmospheric  pressure,  partial  oxygen  pressure,  arterial 
oxygen  pressure,  and  oxygen  saturation  of  haemoglobin  (SaO,)  of 
resting  subjects  acutely  exposed  to  various  altitude  (14) 


Altitude 

tl 

Pressure 

kPa 

P.Pan.O, 

kPa 

PO^-art. 
kPa  (mmHg) 

SaO, 

% 

0 

101.3 

21.2 

12.7  (95) 

98 

6000 

81.2 

17.0 

no  data 

93 

8000 

75.2 

15.7 

7.5  (56) 

90 

15000 

57.2 

11-9 

4.9  (37) 

77 

As  is  shown  in  table  1,  at  8000  ft  the  partial  pressure  of  oxygen  (P.Part.  Oj)  is  15.7  kPa  and 
the  pressure  of  oxygen  in  arterial  blood  comes  to  7.5  kPa  (56  mmHg)  in  a  healthy  individual.  The 
oxygen  saturation  of  haemoglobin  (SaO^)  at  this  altitude  will  be  90-93  %  indicating  a  mild  degree  of 
hypobaric  hypoxia.  It  should  be  emphasized  that  SaO,  values  in  healthy  subjects  under  hypobaric 
hypoxic  conditions  show  marked  inter-individual  differences  and  values  below  90%  are  not 
uncommon  at  8000  ft.  The  Aviation  Safety  Institute  stated  that  “low  cabin  oxygen  levels  may  be  more 
of  a  threat  to  safety  than  previously  believed"  (15).  This  statement  was  based  on  results  of  measu¬ 
rements  which  showed  SaO,  values  to  come  below  90  %  in  passengers  and  crewmembers  at  cabin 
altitudes  of  7000  ft.  The  effects  of  hypobaric  hypoxia  occurring  at  a  cabin  altitude  of  8000  ft  include 
subjective  complaints,  physiological  effects,  neuro-sensory  effects,  and  psychological  effects. 
Subjective  complaints  include  mild  headache,  lightheadedness,  and  fatigue.  The  complaints  become 
more  frequent  as  duration  of  exposure  increases.  Respiratory  as  well  as  cardiovascular  reactions  to 
increasing  hypoxia  can  be  observed  already  at  6600  ft  (16),  and  include  increase  of  respiratory 
minute  volume,  increase  of  heart  rate,  increase  of  systolic  blood  pressure,  and  increase  of  cardiac 
output. 

Neuro-sensory  effects  of  mild  hypoxia,  observed  at  altitudes  of  5000-8000  ft  include  impair¬ 
ment  of  postural  stability  (17),  impairment  of  brightness  discrimination  (18),  impairment  of  night 
vision  (19),  impairment  of  colour  detection  (20),  and  decrement  in  the  cortical  processing  of  the 
auditory  stimulus  (21,  22) 
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The  minimum  aititude  at  which  perceptual-motor  decrements  due  to  hypoxia  can  be  detected 
is  a  controversial  issue  having  implications  for  flight  safety.  Ernsting  (23,  24)  recommended  that 
cabin  aititudes  should  be  maintained  at  or  below  8000  ft  in  the  interests  of  safety.  This  suggestion 
was  based  primarily  on  a  study  by  Denison  et  al.  (25),  who  reported  increased  response  times  at 
8000  ft  using  a  spatial  transformation  task  (the  Manikin  test).  Based  on  his  study  Denison  stated  that 
"mild  hypoxia  affected  performance  while  the  task  was  being  learned,  but  not  after  practice”,  which 
means  that  mild  hypoxia  affects  novel  tasks.  In  the  same  study  Denison  found  that  even  at  5000  ft  a 
significant  increase  in  response  time  could  be  demonstrated  while  the  task  was  being  learned. 
Supporting  evidence  for  the  results  of  Denison  is  provided  by  an  experiment  of  Crow  and  Kelman 
(26).  Ledwith  (27)  reported  significant  impairment  of  total  reaction  time  at  altitudes  as  low  as  5000  ft 
using  a  variety  of  novel  tasks  with  simple  and  complex  spatial  and  code  relationships  between 
stimulus  and  response. 

Concerning  the  relationship  between  the  duration  of  exposure  to  mild  hypoxia  and  impaired 
performance,  no  firm  data  exist.  At  present,  no  study  has  been  attempted  in  which  performance  has 
been  assessed  over  time  during  an  10-14  hour  stay  at  8000  ft,  which  condition  represents  the 
working  condition  of  aircrew  on  long-haul  flights. 


4.2.  Relative  humidity 

Relative  humidity  (RH)  is  the  ratio  of  the  amount  of  water  vapour  in  the  air  at  a  given 
temperature  to  the  capacity  of  the  air  at  that  temperature.  The  term  is  used  to  mean  the  percentage 
of  moisture  present,  relative  to  the  amount  the  air  can  hold  (at  a  given  temperature  and  pressure).  In 
most  aircraft,  fresh  air  is  brought  in  from  outside  through  the  engines,  cooled,  and  delivered  directly 
to  the  cabin  with  no  humidification.  Available  water  from  this  source  remains  at  approximately  0.15 
g/kg,  and  at  20-22  °C  the  relative  humidity  of  the  fresh  air  is  less  than  1  percent.  Moisture  from  the 
passengers  and  crew  will  cause  relative  humidity  to  increase,  depending  on  the  outside-air  ventilation 
rate  and  the  load  factor,  and  it  will  decrease  as  rate  of  outside  ventilation  increases.  Measurements 
of  Simons  and  Valk  (10)  in  the  cockpit  and  crew  rest  area  of  a  B  747-400  show  RH  values  ranging 
from  3-12%  throughout  long-haul  flights.  RH  in  the  aircraft  cabin  can  get  very  low,  as  is  shown  in 
table  2.  These  values  are  well  below  the  lower  limit  standard  set  by  the  American  Society  of  Heating, 
Refrigerating,  and  Air-Conditioning  Engineers  (28).  For  heated  rooms,  a  RH  of  40-45  %  is  considered 
to  be  comfortable. 


Table  2:  Lowest  Relative  Humidity  measured  in  aircraft 
cabins. 


Study 

Aircraft 

lowest  RH  % 

Hawkins  (31) 

DC  10 

3.0 

Lufthansa  (32) 

B  747 

85 

Applegate  (33) 

B  747 

6.0 

DC  10 

5.0 

NAMC  (10) 

B  747-400 

3.0 

Documented  direct  effects  of  low  relative  humidity  on  crewmembers  are  few.  Complaints 
caused  by  a  low  RH  include  dry  eyes  and  redness,  dry  throat,  and  dry  nose  Corneal  ulcerations 
have  been  reported  in  wearers  of  contact  lenses  after  long  flights.  A  study  by  the  Netherlands 
Aerospace  Medical  Centre,  in  which  subjects  stayed  for  8  hours  at  8000  ft  simulated  altitude,  and  RH 
=  <20  %  in  a  low  pressure  chamber,  demonstrated  the  development  of  punctate  keratitis  in  wearers 
of  contact  lenses  (29).  Evidence  on  the  common  belief  that  low  relative  humidity  increases  the  risk  of 
respiratory  infection  is  conflicting  (30). 

Hawkins  (31)  emphasizes  that  a  low  cabin  RH  might  cause  systemic  dehydration  in  aircrew 
He  emphasizes  that  it  is  necessary  to  learn  how  much  to  drink  and  then  take  fluids  whether  thirsty  or 
not.  He  further  emphasizes  that  the  sensation  of  thirst  is  not  a  good  indicator  of  the  amount  of  fluid 
needed  as  replacement  to  avoid  dehydration.  In  a  study  at  the  Netherlands  Aerospace  Medical 
Centre,  in  which  6  healthy  subjects  were  exposed  during  8  hours  to  a  simulated  altitude  of  8000  ft 
arxJ  a  RH  <  10%.  systemic  dehydration  was  evidenced  by  an  increase  of  the  mean  plasma  osmolality 
(289  mosmi/kg  to  295  mosmi/  kg),  mean  urine  osmolality  (410  mosmi/kg  to  807  mosmi/kg),  and 
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urine  specific  gravity  (1012  to  1022).  In  the  control  condition  (8  h.  at  sea  level  and  RH;  30-40%)  a 
slight  fall  in  these  parameters  was  observed  during  the  session.  Dehydration  might  cause  fatigue  and 
impairment  of  performance,  as  has  been  shown  by  the  results  of  a  study  by  Gopinathan  (34). 

4.3  Ozone 

Measurements  of  inflight  ozone  concentrations  have  produced  variable  results.  This  might  be 
caused  by  the  fact  that  the  amount  of  ozone  in  the  cabin  varies  with  the  type  of  aircraft,  flight  level, 
season,  weather  condition,  latitude,  and  the  stretch  on  which  the  measurements  were  performed. 
Results  of  measurements  are  represented  In  table  3. 


Table  3;  Inflight  02one  concentrations  (ppm). 


Study 

Aircraft 

Ozone  cone. 

Benett  (35) 

B707 

0.05-0.12 

Daubs  (36) 

B  747-100 

0.300.50* 

van  Heusden  (37) 

D  10-30 

0.200.40 

GASP  (38) 

a  747SP 

0.050.65 

B  747-100 

0.040.40 

Preston  (31) 

unknown 

0.57** 

cumulative  exposition  densities  (ppm/hour) 
peaks  measured  on  the  polar  route  (ppmv) 


The  FAA  established  a  standard  for  cabin  ozone  concentration  (39).  These  regulations  state: 
The  airplane  cabin  ozone  concentration  during  flight  must  be  shown  not  to  exceed  0.25  ppm  (parts 
per  million),  sea  level  equivalent,  at  any  time  above  flight  level  320  (32.000  ft  at  standard  atmosphe¬ 
re);  or  0.10  ppmv  (ppm  volume)  during  any  3-hour  interval  above  flight  level  270  (27.000  ft  at 
standard  atmosphere)".  In  fact,  in  1978-1979  FAA  monitored  ozone  on  flights  (mostly  at  30.000- 
40.000  ft)  and  found  that  11  %  were  in  violation  of  FAA’s  ozone  concentration  limits  (40). 

The  generally  accepted  Threshold  Limit  Value  of  ozone  in  industry  is  0.1  ppm  (max,  average 
concentration  to  which  workers  may  be  exposed  for  an  eight  hours  working  day  without  harmful 
effects  on  health). 

Symptoms  of  ozone  intoxication  include  cough,  upper  airway  irritation,  chest  discomfort, 
retrosternal  pain,  pain  in  taking  a  deep  breath,  dyspnea,  wheezing,  headache,  fatigue,  nasal 
congestion,  and  eye  irritation. 

Controlled  human  studies,  using  ozone  concentrations  of  0.14  up  to  0.50  ppm,  have  reported 
respiratory  symptoms  and  significant  decrements  in  pulmonary  function  (41).  Nowadays,  many 
airlines  use  catalysts  or  adsorbers  to  control  cabin  ozone  concentrations. 

The  effects  of  ozone  exposure  on  flying  performance  have  not  been  studied  as  yet.  The  develop¬ 
ments  in  long-range  aviation  necessitate  the  assessment  of  effects  of  prolonged  exposure  to  low 
O'  le  concentrations  (0.10-0.25  ppm)  on  pilot  performance,  using  vigilance  and  monitoring  tasks 

4.4.  Noise 

For  practical  purposes,  noise  may  be  taken  to  mean  continuous  broad-band  sound  with  a 
sound  pressure  level  (SPL)  over  80  dB.  In  the  long  term,  continuous  noise  may  damage  the 
mechanism  of  hearing,  at  first  reversibly  but  later  permanently.  It  is  difficult  to  establish  an  "accepta¬ 
ble"  or  "safe"  noise  level  whether  by  retrospective  or  prospective  means,  because  such  a  survey 
depends  on  a  population  which  has  been  exposed  to  a  reasonably  constant  source  of  noise  for  a 
long  time  It  is  generally  agreed  that  exposures  to  noises  of  less  than  80  dBA  (A  scale-weighted  SPL) 
produce  no  increase  in  deafness  in  a  population.  In  industry  a  SPL  of  85  dBA  is  generally  considered 
to  be  the  upper  limit  of  acceptable  ambient  noise.  Final  conclusions,  about  what  is  to  be  considered 
as  a  safe  noise  level,  can  only  emerge  from  the  study  of  regular  audiograms  of  flight  crew  and 
controls  over  a  long  period. 

The  results  of  measurements  of  noise  levels  in  the  cockpit  depend  on  the  type  of  aircraft, 
position  in  the  cockpit  where  the  measurement  was  taken,  airspeed,  airconditioning,  and  phase  of 
flight.  In  a  study  performed  by  the  Netherlands  Aerospace  Medical  Centre  (42)  noise  was  measured 
in  the  mid-position  between  captain  and  first  officer,  without  radio-telephony  (RT)  sound,  in  aircraft 
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during  cruise-flight.  Weighted  sound  pressure  levels  (dBA)  found  in  this  study  were  75  dBA  in  a  DC 
10,  76  dBA  in  A  310,  and  78  dBA  in  B  747-200/300.  These  noise  levels  are  below  the  generally 
accepted  limit  of  85  dB.  However  this  limit  value  represents  the  total  noise,  whereas  in  this  study,  RT- 
noise  was  excluded.  Flight  crew  operating  noisy  aircraft  state  that  the  noise  causes  fatigue,  makes 
them  irritated,  and  effectively  increases  their  workload.  Studies  on  the  effects  of  continuous  noise  on 
vigilance  and  cognitive  task  performance  have  yielded  inconclusive  results. 

As  long-haul  aircrew  spends  10  hours  or  more  in  an  environment  with  sound  pressure  levels  of  75-80 
dBA,  this  sound  pressure  might  contribute  to  fatigue. 


5.  WORKLOAD 

There  has  been  considerable  difficulty  in  defining  the  nature  of  the  term  “workload".  Many 
definitions  of  workload  have  been  proposed  by  various  investigators,  differing  primarily  in  the 
presumed  source  of  stress  on  the  individual.  However,  the  concept  of  workload  has  no  independent 
existence.  It  is  a  summary  term  for  several  factors  which  cause  an  individual’s  performance  to  be 
task  limited  (43).  Task  requirements,  mental  operations,  and  subjective  feelings  all  combine  with  a 
multitude  of  state  variables  such  as  training,  fatigue  level,  motivation,  and  physical  condition  to 
produce  a  final  performance  capability  in  the  individual.  The  workload  of  a  mission  cannot  be 
thought  of  independent  of  the  nission,  the  system,  or  the  individuals  engaged  in  the  operation 
Unfortunately  no  widely  accepted  standards  for  workload  measurement  presently  exist.  Physical  or 
mental  workload  that  is  too  high  might  cause  physical  or  mental  fatigue,  wich  consequently  might 
affect  performance.  However,  research  on  direct  relations  between  workload  and  performance  have 
yielded  inconclusive  results  and  often  performance  decrement  cannot  be  demonstrated  even  though 
performance  requirements  or  workload  are  increased.  This  problem  can  be  explained  by  the  concept 
of  reserve  capacity  (44).  The  concept  proposes  that  man  rarely  works  at  his  maximum  output  level, 
and  can  thus  momentarily  absorb  additional  cognitive  or  physical  workload  and  maintain  his  baseline 
performance,  providing  his  reserve  capacity  is  not  exceeded.  For  practical  use,  the  increase  of 
fatigue  can  best  be  viewed  as  reducing  man’s  reserve  capacity,  and  the  concepts  of  workload  and 
fatigue  should  be  considered  highly  interrelated.  Performance  decrement  observed  due  to  fatigue  is 
considered  to  be  a  function  of  both  the  time  at  task  and  the  total  amount  of  work  performed  in  a 
given  unit  of  time  (4).  Overload  of  mental  or  physical  load  factors  can  cause  performance  decre¬ 
ment. 


In  long-haul  transport  operations,  it  is  not  so  much  the  difficulty  of  the  tasks  or  the  amount  of 
work,  that  results  in  fatigue.  Fatigue  in  this  kind  of  operations  is  primarily  caused  by  long,  irregular, 
working  hours.  In  long-haul  operations,  pilots  often  experience  workload  being  too  low  during  cruise- 
flight.  A  long  cruise-flight  is  monotonous  and.  combined  with  advanced  cockpit  automation,  results  in 
low  arousal  levels  in  flight-deck  crew.  In  this  situation,  alertness  might  be  reduced.  This  is  especially 
true  for  long  night -flights,  where  reports  of  pilots  fighting  sleepiness  are  legion.  To  increase  alertness 
during  monotonous  cruise-flights,  feasibility  on  aircrew  alerting  systems  is  studied. 

In  military  operations,  where  pilots  must  perform  extremely  fatiguing  missions  over  a 
considerable  time  period,  acute  fatigue  will  be  caused  by  long  time  periods  on  difficult  and  stressful 
tasks.  In  these  situations  fatigue  will  rapidly  accumulate  when  time  to  recover  between  missions  is 
too  short,  and  rest  facilities  are  of  low  quality. 


6.  CONCLUSION 

In  long-haul  transport  operations  safety  and  operational  effectiveness  may  be  compromised 

due  to  reduced  pilot  performance  and  alertness.  This  is  caused  by: 

-  cumulative  sleep  loss  due  to  desynchronization  of  the  pilot's  sleep  rhythm  with  the  new  environ¬ 
mental  time. 

-  all-night  flights  with  consequent  conflicts  of  operational  demands  with  normal  sleep-wakefulness, 
and  performance  rhythms. 

-  cockpit  automation  and  monotony  during  cruise-flight  resulting  in  reduced  alertness. 

-  cockpit  environmental  factors,  such  as  lowered  pressure,  low  relative  humidity,  ozone,  and  constant 
background  noise,  which  '  ntrlbute  to  fatigue  and  reduced  performance. 
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In  military  missions  extended  over  several  days,  cumulative  fatigue  plays  a  major  role.  In  this 
situation,  cumulative  fatigue  is  caused  by  inadequate  sleep  between  missions  (due  to  mission 
demands  and,  in  many  cases,  circadian  disruption)  and  very  stressful  missions. 

It  is  recommended  that  these  factors  are  taken  into  account  when  planning  long-haul 
operations.  Moreover,  aircrew  should  be  aware  of  these  factors  and  plan  their  own  strategies  to  cope 
with  these  difficulties,  i.e.  take  adequate  rest  and  naps.  In  the  course  of  some  missions,  like  the 
South  Atlantic  Campaign  (1982)(45),  the  use  of  hypnotics  to  guarantee  adequate  sleep  of  aircrew  is 
recommendable. 
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SUMMARY 

The  introduction  of  long-haul  aircraft  which  can  be 
operated  by  a  2-crew  flight  deck  over  expanded  duty  hours, 
raises  serious  concerns  about  flight  safety.  It  is  a  matter  of 
intense  discussions  between  authorities,  operator  and  pilot 
associations  in  the  USA,  in  Japan  and  in  Europe  whether 
the  legal  standards  of  flight  duty  limitations  presently  in 
force  are  still  adequate  or  must  be  modified  for  minimum 
crew  operations  under  the  changing  conditions. 

In  cooperation  with  various  air  carriers,  different 
approaches  have  recently  been  undertaken  by  international 
scientific  laboratories  to  investigate  physiological  and 
psychological  responses  of  the  human  element  to  the  new 
technology  in  the  cockpit  during  long-haul  operations:  (1) 
In  the  conventional  3-man  cockpit,  pre-plaimed  controlled 
rest  on  the  flight  deck  has  been  investigated.  (2)  In 
augmented  crews,  comparison  have  been  made  between  the 
3-man  flight  deck  and  the  newly  introduced  2-crew  cockpit. 
(3)  The  efficiency  of  onboard  rest  facilities  has  been 
investigated  during  long-haul  augmented  2-crew 
operations.  (4)  Workload,  alermess  and  fatigue  are  under 
investigation  in  single  2-crew  operations  with  non-stop 
flights  of  up  to  14  hours  flight  duty  time. 

Because  not  all  of  these  investigations  are  completed, 
scientific  contributions  for  discussions  about  flight  time 
limitations  and  rest  requirements  must  still  be  limited. 
However,  in  certain  countries,  scientific  results  have 
already  led  to  recommendations  for  amendments  in  the 
actual  legislation. 

1.  INTRODUCTION 

Worldwide,  air  operations  have  significantly  inert  .  ~<i 
during  recent  years.  In  relation  to  the  number  of  sectors 
flown,  flight  safety  has  improved  substantially.  However, 
when  excluding  yearly  fluctuations  of  aircraft  accidents, 
absolute  numbers  of  total  hull  losses  did  not  change  during 
several  years.  A  primary  factor  of  all  accidents  with  known 
causes  are  attributed  to  the  flight  crew,  i.e.,  human  errors 
are  found  to  be  the  main  factor  of  hull  loss  accidents  (Ref 
1).  Neither  the  average  yearly  rate  (12.1  losses  per  year) 
nor  the  primary  factor  (ca.  75%)  of  total  losses  have 
changed  during  the  last  thirty  years.  Although  a  detailed 
analysis  of  the  reasons  why  the  human  operator  failes  is 
not  available,  it  can  be  concluded  from  other 
investigations  that  aircrew  fatigue  and  impaired 
performance  contribute  to  accidents.  When  comparing 
long-  and  short-haul  operations,  several  conditions  are 
typical  for  both;  Operations  can  require  long  duty  days, 
early  reporting  times,  late  arrivals  and  night  flights.  Under 
these  conditions,  aircrew  fatigue  must  be  viewed  primarily 
as  a  function  of  flight  duty  time  and  workload  intensity. 
However,  in  most  long-haul  flight  operations  a  second 
dimension  is  added  to  the  problem  of  aircrew  fatigue, 
because  they  frequently  require  transmeridian  crossings  and 
thereby  impose  the  additional  burden  of  circadian 
desynchronisation  and  sleep  di.sruptinns.  The  operational 
significance  of  these  factors  has  not  completely  been 
identified.  However,  the  likely  impact  on  performance  is 


evidenced  by  the  consistently  higher  accident  rates  for 
long-haul  versus  short-haul  commercial  flights.  While 
short-  and  medium-range  aircraft  performed  3.34  times 
more  take-offs  and  landings  worldwide  than  long-range 
aircraft  during 

the  years  1979  to  1985,  their  loss  ratio  was  only  1.38 
times  that  of  the  long-haul  fleet.  The  operational  total  loss 
ratio  of 

the  latter  (based  on  sectors  flown)  was  2.83  times  that  of 
the  combined  short-  and  medium  range  fleet  (Ref  2). 
Similar  statistical  records  are  reported  for  the  prior  20 
years. 

During  recent  years,  flight  operations  on  long-haul  routes 
(extended  range  operations,  EROPS)  have  drastically 
changed.  Three  factors  are  responsible  for  this  change. 
First,  with  the  introduction  of  new  aircrafts  (B747-400, 
A340,  MD-11),  automation  of  the  aircraft  systems  is 
accompanied  by  a  reduction  of  the  crew  on  the  flight  deck, 
as  was  the  case  in  short-haul  operations  25  years  ago. 
Second,  increased  reliability  in  the  technical  systems  has 
led  to  an  alteiation  of  provisions  for  the  operation  of  two- 
engine  aircrafts  (B757,  B767-300.  A330),  which  are  now 
permitted  to  be  flown  over  extended  oversea  sections 
(ETOPS).  Third,  the  opening  of  the  European  market 
permits  deregulation  and  will  lead  to  more  competition 
among  air  carriers:  thus,  the  growing  economic  pressure 
and  an  increasing  demand  for  more  frequent  flights  will 
only  serve  to  enhance  the  potential  for  producing 
operational  inadequacy  and  decreased  flight  safety. 

2.  REGULATORY  ACTIONS 

Aviation  authorities  in  variuos  countries  are  reacting  to  the 
substantial  changes  in  air  traffic.  In  addition,  because  of 
the  unification  of  the  European  market,  the  fundamental 
rules  for  business  have  to  be  established  by  European 
authorities.  Therefore,  national  authorities  have  formed  a 
group  called  Joint  Aviation  Authorities  (JAA)  in  order  to 
harmonize  national  regulations  with  the  goal  to  create  a 
supranational  regulatory  system.  In  the  case  of  flight  time 
limitations  and  rest  requirements  for  aircrew,  the  JAA 
Flight  Time  Limitation  Study  Group  (JAA-FTLSG)  has  held 
a  number  of  meetings  since  1990  to  elaborate  regulations 
which  meet  the  requirements  of  flight  safety,  economic 
demands  and  national  and  cultural  pecularties  as  well.  They 
called  for  advice  from  several  organizations  as  they  are 
represented  by  operator  and  pilot  associations.  However, 
an  agreement  among  the  lobbying  organisations  could  not 
be  achieved.  For  example,  the  wide  divergence  of  opinions 
between  aircrew  and  operator  representatives  can  be 
illustrated  by  the  discussions  on  flight  time  limits  in  2- 
crew  operations.  Pilot  organisations  insisted  that  such 
flights  should  be  limited  to  a  maximum  of  nine  hours  flight 
time,  whereas  some  operator  organisations  required  13  h  as 
the  limit.  This  kind  of  dispute  raised  the  willingness  to 
consult  research  institutions  which  are  able  to  provide 
medical  advice  for  the  formulation  of  the  new  provisions. 
As  for  2-crew  operations,  the  JAA-FTLSG  is  currently 
proposing  1 1  h  flight  time,  but  it  was  explicitly  stated 
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that  this  figure  may  be  modified  pending  the  results  from 
medical  research. 

The  supranational  regulations  will  be  elaborated  further  in 
different  committees  before  they  will  be  presented  to  the 
EC  council  of  Ministers.  After  the  consultation  procedure, 
it  is  foreseen  to  adapt  them  as  a  regulation  applicable  to  all 
12  EC  member  states  in  1995  or  1996.  The  main  issues  of 
the  currently  proposed  JAA-scheme  (Document  19)  are 
presented  in  table  1  (Ref  3,  Ref  4). 

In  Japan,  the  current  standards  regarding  flight  time 
limitations  for  flight  crews  engaged  in  international  flight 
operations  differentiate  between  the  required  minimum 
flight  crew  of  two  pilots  and  that  of  two  pilots  and  one 
flight  engineer.  These  interim  standards  came  into  effect 
with  the  introduction  of  B 747-400  aircrafts  on  pacific 
routes.  For  a  minimum  flight  deck  crew  of  2  pilots,  the 
scheduled  flight  time  is  not  allowed  to  exceed  8  h;  for  a 
flight  crew  augmented  by  one  pilot,  flight  time  up  to  12  h 
is  permitted;  for  a  crew  augmented  by  more  than  one  pilot, 
flight  times  of  more  than  12  h  are  allowed.  For  the  3- 
person  cockpit,  flight  time  should  be  12  h  or  below;  if  the 
flight  crew  is  augmented  by  at  least  one  pilot  and  one  flight 
engineer,  more  than  12  h  flight  time  are  permitted. 

In  the  USA,  in  Japan  and  in  Europe,  recommendations  by 
scientific  organisations  have  recently  been  made  as  a  result 
of  in-flight  investigations.  However,  further 
investigations  are  necessary  to  establish  prenormative 
standards  worldwide  and  especially  in  Europe. 

3.  SCIENTIFIC  ACTIONS 

Since  a  couple  of  years,  world-wide  collaboration  between 
scientific  institutions  have  led  to  a  significant  increase  of 
knowledge  on  hurtan  behavior  in  the  cockpit.  A  first 
cooperative  effort  was  the  "International  Aircrew 
Sleep/Wakefulness  Study"  (Ref  5),  which  led  to 
considerable  insights  concerning  sleep  and  circadian 
rhythms  in  aircrews  on  transmeridian  routes.  The  ongoing 
research  in  this  field  has  led  to  the  formation  of  the 
"International  Research  Group  on  Aircrew  Alertness 
(IRGAA)"  in  which  several  institutions  from  around  the 
world  are  working  together  to  identify  the  human  factor 
related  problems  of  the  modem  cockpit  and  to  investigate 
means  which  can  support  the  human  operator  in 
maintaining  or  regaining  sufficient  capabilities  to  perform 
his  task  optimally  over  extended  duty  hours.  The  results 
derived  from  the  differen'  investigations  are  leading  to 
conclusions  and  recommendations  that  have  contributed 
and  will  contribute  to  regulatory  actions  and  to 
amendments  of  present  regulations  when  becoming 
necessary. 

Present  scientific  efforts  are  mainly  focussed  on  extended 
range  operations  (EROPS)  in  the  3-  and  2-crew  flight  deck. 
The  main  purpose  in  the  1980's  was  to  investigate  sleep 
and  circadian  rhythms  in  the  3 -person  cockpit  crew  when 
single  or  multiple  time-zone  transi.'ons  were  operated  (Ref 
5  -  Ref  12).  These  field  investigations  have  shown  that  on 
the-job  fatigue  is  caused  by  sleep  loss,  sleep  disruptions 
and  disturbances  of  the  circadian  system  (Ref  5  -  Ref  7). 
Thus,  alertness  and  vigilance  in  the  cockpit  are  affected  by 
restraints  of  the  human  biological  system  (Ref  13).  Longer 
rotation  patterns  tend  to  magnify  these  effects  (Ref  8  ■  Ref 
12).  The  implications  for  the  flight  deck  during  EROPS  are 
that  manufactures  and  carriers  must  assume  that  at  least  one 
crewmember  is  very  likely  to  be  in  a  low  state  of  alertness 
during  a  substantial  portion  of  the  flight.  The  increased 
range  of  long-haul  aircraft  with  reduced  crew  sizes  and 


highly  automated  cockpits  can  be  expected  to  heighten 
concerns  about  crew  fatigue  and  the  need  to  plan  for 
sleepiness  on  the  flight  deck. 

3.1  Investigations  of  Onboard  Rest 

Several  approaches  have  been  undertaken  by  the  scientific 
community  to  identify  these  problems  and  to  contribute  to 
possible  solutions. 

In  the  USA,  NASA-Ames  Research  Center  established  a 
Fatigue/Jet  Lag  Program  in  order  to  collect  systematic, 
scientific  information  on  fatigue,  sleep,  circadian  rhythms 
and  performance  in  flight  operations  (Ref  14).  These 
efforts  have  recently  been  pursued  by  launching  the  Fatigue 
Countermeasures  Program.  One  of  the  actions  was  to 
conduct  a  joint  NASA/FAA  study  of  controlled  cockpit  rest 
in  the  non-augmented  three-person  long-haul  flight  crew 
(Ref  15,  Ref  16).  The  primary  goal  in  this  study  was  to 
determine  the  effectiveness  of  a  pre-planned  cockpit  sleep 
for  improvement  of  performance  and  alertness.  The 
participating  pilots  were  randomly  assigned  to  either  a  rest 
group  or  a  non-rest  group  condition.  The  rest  period  was 
planned  well  in  advance  and  lasted  40  min,  alternating 
between  pilots,  during  the  low  workload,  cruise  portion  of 
flight.  Focussing  on  brainwave  and  eyemovement  activity 
reflecting  changes  in  physiological  alertness  and 
sleepiness,  the  results  from  the  last  90  min  of  flight  have 
shown  that  the  rest  group  had  signifcantly  less 
microevents  of  reduced  alertness  than  the  non-rest  group 
(Ref  16).  This  result  as  well  as  findings  from  other 
measurements  of  this  study  support  the  conclusion  that 
even  short  sleep  periods  obtained  on  the  flight  deck  can 
help  to  improve  physiological  alertness  and  therefore 
increase  flight  safety  during  subsequent  hours  of  tlight.  It 
has  to  be  emphasized  that  the  recommendations  to 
implement  rules  for  pre-planned  short  rest  periods  in  the 
cockpit  are  only  considering  the  conventional  3-person 
flight  deck. 

Currently,  another  activity  of  NASA-Ames  is  to  study 
onboard  crew  rest  facilities  on  long-haul  aircrafts.  Several 
hundred  surveys  with  pilot  assessments  of  onbord  facilities 
have  been  received  already. 

Additional  and  complementary  investigations  on  bunk 
sleep  are  currently  carried  out  by  British  and  Dutch  research 
institutions  (Ref  17). 

3.2  Investigations  on  Augmented  Crews 

A  further  approach  to  deal  with  problems  of  changes  in 
alertness  and  performance  on  the  flight  deck  is  based  on  the 
comparison  between  the  conventional  3-man  cockpit  and 
the  newly  introduced  2-crew  cockpit  on  long-haul 
operations.  In  1992,  Japanese  researchers  studied  several 
vigilance  and  stress  related  physiological  functions  (but 
not  brainwave  and  eyemovement  activity)  in  augmented  3- 
pcrsi  .  cockpits  (double  crew)  and  augmented  2 -crew  flight 
decks  (double  crew)  on  transpacific  routes  (Ref  18).  Inflight 
findings  have  shown  that  the  comparison  of  the 
physiological  and  psychological  results  do  not  reveal 
significant  differences  between  the  two  crew 
configurations.  Furthermore,  the  degree  of  fatigue  of  the 
pilots  engaged  in  l''ng-haul  flights  on  B747-400  and 
conventional  B747  aircrafts  did  not  show  significant 
differences  between  those  two  aircraft  types  under  the 
conditions  these  investigations  were  conducted.  Therefore, 
Japanese  organisations  have  concluded  that  the  flight  time 
limit  within  consecutive  24  h  for  modem  2-man  aircaft 
operations  on  long-range  international  routes  shouK  be 


Fig.  6:  Turbocharging  System  and  Control 
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tion  provides  less  throttling  to  the  piston  engine 
at  the  exhaust  aide  resulting  in  higher  shaft  power  at 
constant  manifold  pressure.  Furthermore,  the  total 
amount  of  bleed  flow  (air  &  exhaust)  is  lower. 

The  operating  lines  in  a  typical  HP  compressor  map 
at  given  LP  and  IP  operating  lines  are  shown  in 
Fig.  7. 
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the  same  as  for  the  3-man  aircraft.  They  recommended  to 
amend  the  legislation  cunently  in  force  by  the  following 
statement:  For  flight  operations  requiring  only  2  pilots  as 
the  minimum  crew,  the  scheduled  flight  time  may  be 
increased  to  12  h  within  consecutive  24  h  for  the  minimum 
crew  (1  captain  and  1  pilot),  and  can  be  further  increased 
beyond  12  h  for  an  augmented  crew  (1  captain  and  2  pilots). 
Because  these  conclusions  are  derived  from  investigations 
on  augmented  crews  only,  but  recommendations  are  also 
made  for  minimum  crew  flight  operations,  some  criticism 
may  be  permitted.  First,  results  from  augmented  crew 
operations  may  not  be  transferable  to  single  crew 
operations  without  restrictions.  In  particular,  minimum  2- 
crew  operations  require  sustained  presence  at  the  controls 
for  the  two  crew  members,  and  this,  in  turn,  induces 
physical  inactivity  and  monotony  that  may  lead  to 
problems  during  EROPS  which  cannot  be  assessed  in 
augmented  crews.  Second,  the  investigations  were 
conducted  on  a  route  with  only  one  sector  flown  during  the 
flight  duty  period.  Deviating  results  can  be  expected  when 
more  sectors  must  be  operated.  Third,  layover  times  at  the 
destination  were  considerably  longer  than  the  minimum 
required  by  current  legislation,  i.e.,  layover  lasted  more 
than  2  days  including  two  local  nights. 

3.3  Investigation  of  Single  Crew  Operations 
Within  a  broader  program  to  evaluate  physiological  and 
psychological  factors  in  aircrew  on  long-haul  routes,  the 
DLR-Institute  for  Aerospace  Medicine  was  asked  by  the 
JAA  and  the  German  Ministry  of  Transport  to  investigate 
inflight  alertness,  vigilance  and  fatigue  as  well  as  related 
factors,  as  such  as  circadian  rhythms  and  sleep,  during 
minimum  2-crcw  EROPS.  The  main  purpose  of  these 
investigations  is  to  establish  standards  of  flight  time 
limitations  and  rest  requirements  for  the  single  2-crcw 
flight  deck.  In  1991,  DLR  started  inflight  measurements  on 
the  route  DUsseldorf  (DUS)  -  Atlanta  (ATL).  because  this 
rotation  was  considered  to  be  normal  and  save  during 
EROPS  with  respect  to  flight  duty  limes  in  Germany  (Ref 
19).  Data  being  collected  during  this  schedule  (table  2)  will 
serve  as  control  for  the  subsequent  research  on'routes  going 
beyond  normal  flight  duly  lime  of  10  h.  Because  it  is 
permitted  in  Germany,  to  expand  the  normal  flight  duty 
period  of  10  h  to  14  h  (within  certain  restrictions)  for  i. 
single  crew  (Ref  19).  investigations  have  been  extended  to 
the  routes  Hamburg  (HAM)  •  Los  Angeles  (LAX)  and 
Frankfurt  (FRA)  -  LAX/San  Francisco  (SFO)  in  1992.  The 
duration  of  (he  outgoing  (westbound)  flight  is  more  chan 
11:45  h,  i.e.,  the  corresponding  flight  duly  periods  (FDP) 
are  exceeding  13  hours  (FDP  is  currently  calculated  by 
blocktime  plus  1:15  h  for  pre-  and  postflighi  activities), 
and  the  flints  take  place  during  day  time.  The  homegoing. 
eastbound  flights  are  0:45  h  shorter,  however,  they  have  to 
be  operated  during  night  hours  (table  2).  During  these 
transatlantic  rotations.  layover  times  are  longer  than  2 
days.  Thus,  sufficient  time  is  available  for  recuperation, 
although  the  adverse  effects  of  time-zone  transitions  on 
circadian  rhythms  and  sleep  for  the  subseqtcnt  flight  duty 
have  to  be  taken  into  consideration  (Ref  6.  Ref  13,  Ref  20). 
It  can  be  expected  that  human  factors  affecting  the  safe 
operation  of  aircrafts  may  became  even  more  important, 
when  the  lime  schedule  is  shortened.  Therefore,  DLR  is 
currently  conducting  investigations  on  the  route  FRA  - 
Mahe  (SEZ).  since  this  rotation  involves  two  consecutive 
night  flights  separated  by  a  scheduled  layover  period  of 
only  13:20  h  (uble  2).  The  scheduled  flight  duty  times  are 


between  those  of  the  ATL-rotation  and  the  U.S.  wesicoast 
rotations.  However,  the  rest  period  between  the  two  flight 
legs  is  very  short,  coming  close  to  the  required  minimum  of 
12  h  (Ref  19,  Ref  21).  as,  due  to  delays,  the  actual  flight 
duty  period  often  exceeds  11  h  during  the  outgoing  flight 
FRA-SEZ,  causing  also  delayed  arrival  times  in  SEZ. 
(German  rules  require  that  minimum  rest  duration  is  10  h 
(Ref  19),  and  must  be  extended  to  12  h  when  the  FDP  goes 
beyond  11  h.) 

3.3*1  Methods 

Physiological  alertness  was  assessed  by  means  of 
electroencephalogaphy  (EEG)  and  electrooculography 
(EOG).  EEG  and  EOG  signals  were  continuously  recorded 
during  flight  on  analoguously  registraiing  tapes  (Ref  22). 
Simultanously,  electrocardiogramme  (EKG)  was  recorded 
for  evaluating  physical  and  mental  load.  Because  data 
analysis  is  not  yet  completed,  data  and  results  of  these 
measurements  will  be  published  elsewhere. 

In  addition  to  elecirophysiological  recordings,  also 
subjective  estimates  were  considered  for  identifying  overall 
operational  loads.  For  assessing  load  levels  and 
psychological  factors,  three  different  types  of 
questionnaires  were  administerred  to  the  pilots.  The  first 
one  was  a  checklist,  reflecting  momentary  subjective 
feeling  of  fatigue  (Ref  23  -  Ref  25),  and  two  analog  scales 
regarding  tenseness  and  alertness  (Ref  26).  This 
questionnaire  had  to  be  filled  in  before  each  flighu  at  1-h 
intervals  during  flight,  and  after  landing.  The  checklist  for 
assessing  fatigue  results  in  scores  ranging  from  20  (very 
alert)  to  0  (exhausted).  These  scores  are  related  to 
categories  of  operational  significance  (Ref  23).  Four 
ranges  of  fatigue  are  identified:  As  long  as  the  fatigue 
scores  remain  beyond  a  limit  of  12,  it  is  assumed  that 
pilots  arc  sufficiently  alert  and  performance  decrement  does 
not  occur.  Ratings  between  8  and  11  imply  mild  (uigue, 
and  performance  impairment  is  possible,  but  not 
significant.  When  the  scores  are  rated  between  4  and  7. 
moderate  to  severe  fatigue  must  be  assumed,  and  some 
performance  decrements  possibly  do  occur;  flying  duly  is 
still  permissible,  but  not  recommended.  Below  a  scoring  of 
4,  severe  fatigue  must  be  expected,  performance  is 
definitely  impaired,  and  flight  duty  cannot  be 
recommended.  This  system  was  derived  from  investigations 
on  military  aircrews  in  field  and  simulation  experiments 
(Ref  23).  It  was  also  utilized  in  studies  on  civil  air  carrier 
operations  (Ref  20,  Ref  24). 

Except  for  administration  before  a  flight,  the  two  other 
types  of  questionnaires  were  given  during  flight  jointly 
with  the  fatigue  checklist:  the  Bedford  workload  rating 
scale  (Ref  27),  covering  10  workload  levels,  and  the  NASA- 
Task  Load  Index  (NASA-TLX),  a  six-scale  rating  list 
regarding  "mental  demand",  "physical  demand”,  “temporal 
demand",  "performance",  "effort",  and  "frustration  level" 
(Ref  28).  Once  during  the  rotation,  pilots  had  to  rate  the  six 
scales  with  respect  to  personal  importance.  For  evaluation, 
the  six  different  scales  are  weighted  by  the  personal  ranks 
and  added  to  a  sum.  The  range  of  the  taskload  index  is 
between  0  and  300  points  (the  higher  the  points,  the 
higher  the  load). 

Disturbances  of  sleep  can  be  expected  when  flying  long- 
haul  missions,  operating  on  iransmeridian  routes  and 
conducting  night  flights.  They  can  be  anticipated  to  affect 
alertness  and  vigilance  during  subsequent  flight  duty 
periods.  For  the  assessment  of  disturbances,  expressed  by 
changes  of  sleep  quantity  and  sleep  quality,  a  daily  log  was 
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used  (Ref  1 1,  Ref  20).  The  crew  had  to  fill  in  different  sleep 
parameters  beginning  the  recordings  three  days  before  the 
start  and  finishing  three  days  after  the  end  of  >.  e  rotation. 
Not  only  “normal”  sleep  had  to  be  reported,  but  also  naps 
whenever  they  took  place.  The  data  of  the  first  two  days 
(when  pilots  should  be  at  home  base)  were  used  as  baseline 
days,  and  the  different  sleep  parameters  derived  from 
subsequent  days,  were  investigated  for  changes  from  these 
baseline  data. 

3.3.2.  Results 

In  this  report,  results  are  presented  from  the  investigations 
of  the  rotations  DUS-ATL  and  HAM-LAX  (table  2). 

Figures  1  to  3  present  the  mean  sleep  duration  of  cockpit 
crew  members  during  these  rotations.  Flight  times  and 
local  nights  (assuming  to  be  between  2300  and  0700  local 
time  LT)  are  also  illustrated  for  comparison.  During  the 
DUS-ATL  schedule  overseas  layover  periods  lasted  2.5  days 
and  the  same  cockpit  crew  (N=12)  performed  both,  the 
outgoing  and  homegoing  flight  duties  (one  crew  (N=2)  had 
to  stay  1  d  longer  in  ATL  because  of  technical  problems 
with  the  aircraft,  and  therefore  was  not  considered  in  figure 
1).  However,  when  operating  the  flights  on  the  HAM-LAX 
route,  crew  members  were  studied  only  during  one  flight  leg 
of  that  route,  but  performed  additional  flights  within 
America,  either  after  the  flight  HAM-LAX  (figure  2)  or 
before  the  flight  LAX-HAM  (figure  3).  These  schedules 
lasted  8  and  5  d,  respectively.  In  each  of  the  two  LAX- 
rotations,  10  pilots  "olunteered  for  the  investigation,  and 
9  of  them  participate^  in  both  parts. 

Results  from  the  self-reported  sleeps  (daily  log)  indicate 
that  already  during  baseline  days  sleep  dvuation  differed 
among  pilots  and  days,  but  not  between  different  rotations. 
Sleep  duration  decreased  in  the  second  night  before 
departure  when  compared  with  the  third  night  before,  and 
increased  in  the  last  night  before  departure.  In  the  ATL- 
group,  the  average  sleep  duration  was  8.6  h  (figure  1,  day  1) 
and  decreased  in  the  second  night  to  6.8  h.  The  sleep  during 
the  night  preceding  the  outgoing  flight  lasted  7.4  h.  Before 
the  flight  HAM-LAX,  pilots  went  to  bed  for  8.0  h  in  the 
first  night  of  reporting  and  slept  only  for  5.8  h  in  the 
second  night  (figure  2).  Before  going  on  trip,  sleep 
duration  increased  to  an  average  of  8.2  h.  Finally,  the  LAX- 
HAM  group  also  slept  longer  in  the  first  (8.0  h)  than  in  the 
second  night  (5.2  h).  Sleep  during  the  night  before  the 
first  trip  (FRA-MIA)  lasted  6.6  h  (figure  3).  On  average, 
after  the  outgoing  westbound  flight  to  the  U.S.  east  coast 
(ATL  and  MIA),  the  subjects  went  to  bed  4  h  later  compared 
to  home  base,  but  7  h  later  after  the  flight  to  the  west  coast 
(HAM-LAX).  In  all  three  rotations,  sleep  duration 
significantly  increased  to  an  average  between  9.0  h  and  9.6 
h.  During  the  following  days  overseas,  sleep  adapted  to 
normal  length.  Depending  on  the  flight  pattern,  subjects 
tried  to  nap  before  the  homegoing  flight.  In  the  ATL- 
rotation,  pilots  got  up  at  normal  time  in  the  morning  and 
tried  to  nap  in  the  afternoon  and  early  evening,  before  the 
return  flight  commenced  about  midnight  LT  in  ATL. 
However,  only  6  pilots  were  able  to  sleep  during  this  nap 
period  (figure  1,  day  6).  Before  the  return  trip  of  the  HAM- 
LAX  rotation,  pilots  shifted  their  sleep  to  later  hours,  thus 
getting  up  later  in  the  morning  and  trying  to  shorten  the 
wake  period  until  the  departure  of  the  flight  MIA-MUC 
which  was  scheduled  for  1640  LT  (figure  2,  day  11). 
Because  departure  was  at  18(X)  LT  LAX,  both  kinds  of  sleep 
strategy  were  undertaken  in  the  LAX-HAM  group  when 
pilots  either  delayed  their  sleep  or  napped  in  the  early 
afternoon  (figure  3,  day  7).  After  the  last  flight  of  each 


rotation,  most  pilots  stayed  awake  until  evening,  but 
advanced  their  sleep  onset  by  several  hours.  In  the  HAM- 
LAX  group,  however,  several  pilots  went  to  bed  after 
arrival  at  home  and  tried  to  overcome  sleep  deficit  by 
napping  in  the  late  local  morning  (figure  2,  day  12).  They 
were  the  earliest  of  the  three  groups  to  arrive  in  Germany 
and  they  had  the  lon  gest  wake  period  before  returning, 
because  they  did  not  nap  before  the  last  duty  period.  During 
subsequent  days,  sleep  normalized  to  baseline  values. 
Figures  4  to  6  illustrate  the  sleep  balance;  i.e.,  the  sum  of 
deviations  in  sleep  duration  fiom  the  average  of  the  two 
baseline  days.  Thus,  the  curves  reflect  sleep  deficit  or 
surplus  accumulated  each  consecutive  day  over  the  entire 
reported  period.  In  general,  all  groups  exhibited  similar 
patterns.  Westward  flying  did  not  result  in  significant  sleep 
duration  changes.  However,  a  sleep  deficit  between  7  h  and 
8  h  was  observed  upon  returning  to  Germany.  The  reason 
for  this  sleep  loss  must  be  seen  in  the  fact  that  the 
eastbound  flight  took  place  during  night  hours.  On 
average,  only  1.6  h  of  sleep  could  be  gained  by  napping 
before  the  return  flight  ATL-DUS  (figure  4),  whereas  no 
naps  were  taken  before  the  MIA-MUC  return  flight,  and 
only  two  naps  before  the  LAX-HAM  leg.  After  the  MIA- 
MUC  flight  (figure  5),  some  improvements  of  the  sleep 
balance  curve  occurred  through  napping  in  the  late 
morning. 

The  results  of  the  fatigue  questionnaires  are  presented  in 
figures  7  to  10.  They  reflect  subjective  ratings  of  fatigue 
during  the  operation  of  the  flights  DUS-ATL  (figure  7), 
ATL-DUS  (figure  8),  HAM-LAX  (figure  9)  and  LAX-HAM 
(figure  10)  when  inflight  investigations  were  performed. 
During  the  outgoing  flight  DUS-ATL,  pilots  showed  a  low 
level  of  fatigue  during  the  entire  flight.  The  scores 
remained  in  an  uncritical  region  with  respect  to  operational 
implications,  although  a  trend  to  higher  fatigue  with 
ongoing  duty  can  be  observed,  but  no  individual  rated 
fatigue  scores  less  than  9.  Before  the  return  flight  ATL-DUS 
and  for  3  h  after  departure,  pilots  rated  their  fatigue  again 
quite  well.  However,  as  can  be  seen  from  the  standard 
deviation  (figure  8),  some  pilots  felt  so  fatigued  during  the 
second  portion  of  tlie  flight  that  their  ratings  dropped 
below  the  critical  limit  of  8,  indicating  possible 
performance  impairments.  Individual  values  show  that  one 
pilot  rated  lower  than  8  after  3  h  of  flight  already. 
Afterwards,  the  scores  of  at  least  two  pilots  went  below  the 
critical  limit.  Although  subjective  fatigue  scores  on 
average  indicate  a  course  for  the  first  10  h  of  the  flight 
HAM-LAX  very  similar  as  during  the  outgoing  flight  of  the 
ATL-rotation,  ratings  decreased  after  10  h  (figure  9).  Two 
pilots  were  so  fatigued  after  1 1  h  of  flight  that  their  scores 
dropped  below  8,  and  possible  performance  impairment  can 
be  assumed.  This  effect  was  much  more  pronounced  during 
the  second  LAX-rotation  when  the  LAX-HAM  leg  was 
investigated  (figure  10).  Already  after  6  h  of  flight,  some 
pilots  rated  their  fatigue  being  in  the  critical  region.  The 
lowest  fatigue  scores  (i.e.,  a  maximum  in  fatigue)  were 
observed  after  9  h  of  flight  when  ratings  of  four  pilots  went 
below  8.  Towards  the  end  of  the  flight,  some  recovery  from 
fatigue  was  reported,  but  after  landing  in  HAM,  fatigue 
increased  again. 

3.3.3.  Discussion 

The  results  presented  in  this  report  reflect  a  subsamj  of 
the  measurements  being  obtained  during  the  DLR- 
investigations  concerning  the  2-man  cockpit.  Conclusions 
drawn  from  this  limited  part  of  data  arc  preliminary  and 


must  be  confirmed  by  the  complete  set  of  measurements,  in 
particular  by  the  findings  from  the  physiological  data. 

The  results  from  the  daily  log,  i.e.,  sleep  quantity  and  sleep 
distribution  over  the  24-h  cycle,  reflect  subjective 
assessments.  Previous  studies  with  similar  pilot 
populations  (Ref  S,  10)  showed  that  evaluation  of  sleep  by 
subjective  ratings  and  by  polysomnographic  recordings  led 
to  nearly  congruent  results.  Thus,  the  presented  findings 
should  reflect  real  and  actual  sleep  conditions  associated 
with  flight  schedules  on  transmeridian  routes. 

Our  sleep  data  indicate  that  the  westward  flights  are 
associated  with  an  increase  of  sleep  duration  during  the 
following  local  night.  The  reason  for  this  extension  is  the 
delay  of  sleep  onset  due  to  the  shifted  environmental  time 
which  supports  staying  awake  for  longer  times,  and  thus  a 
certain  state  of  sleep  deprivation  by  several  hours.  The 
second  layover  night  sleep  was  on  average  not  shorter  than 
normal  indicating  that  the  adverse  effects  by  disturbances 
of  the  circadian  rhythmicity  did  not  severely  influence 
sleep  as  have  been  observed  in  3-man  cockpit  studies  (Ref 
5.  Ref  6,  Ref.  20). 

The  most  striking  result  concerning  sleep  quantity  is  the 
sleep  loss  after  the  return  flight  to  Germany.  It 
demonstrates  that  eastward  transmeridian  flying  over 
several  time  zones  is  associated  with  night  duty  even  when 
departure  time  is  in  the  early  hours  of  the  local  time.  The 
sleep  loss  of  7  h  to  8  h  as  shown  in  these  studies  is  in 
agreement  with  several  studies  performed  in  recent  years 
(Ref  5,  Ref  9,  Ref  20).  The  resulting  sleep  loss  could  only 
partly  be  compensated  during  subsequent  days.  Some  pilots 
napped  after  returning  to  home  base  and  sleep  duration 
during  the  following  night  was  extended  by  several  hours. 
In  the  present  study,  sleep  length  normalized  during  the 
second  night  and  was  not  shortened  as  was  observed  in 
similar  investigations  on  pilots  in  the  3-man  flight  deck 
(Ref  20).  A  reason  might  be  that  not  so  many  naps  were 
taken  as  in  the  earlier  study. 

Changes  in  fatigue  as  observed  in  our  study  depend  on 
several  factors  characteristic  not  only  for  the  aviation 
environment.  The  main  influence  on  fatigue  is  the  duration 
of  wake  time  since  the  last  sleep.  When  the  DUS-ATL  flight 
was  conducted,  pilots  were  awake  for  only  2  h  before 
departure  and  the  fatigue  level  remained  in  the 
operationally  uncritical  region  for  the  entire  flight  which, 
in  addition,  was  performed  during  normal  day  time.  During 
some  portions  of  the  other  flight  operations  investigated 
in  our  study,  subjects  were  sleep  deprived  to  a  certain 
extend.  Before  departing  from  HAM  to  LAX,  pilots  were 
awake  for  7.8  h  on  average,  because  the  flight  commenced 
during  local  afternoon.  The  first  occurance  of  fatigue  scores 
being  below  the  critical  region  was  observed  after  1 1  h  of 
flight,  i.e,  after  19  h  of  being  awake. When  commencing 
the  flight  LAX-HAM,  pilots  were  awake  for  10  h  on 
average.  Some  pilots  began  to  feel  very  fatigued  (scores 
below  8)  after  7  h  of  flight,  i.e.,  17  h  after  getting  up  in  the 
morning.  Similar  results  were  found  for  the  eastward  flight 
between  ATL  and  DUS.  At  the  beginning  of  flight  duty, 
those  pilots  who  could  not  sleep  during  the  afternoon 
before  departure  (local  midnight),  were  awake  for  16  h. 
Fatigue  started  to  increase  already  after  3  h  of  flight,  when 
time  since  last  sleep  was  19  h.  A  second  factor  influencing 
fatigue  is  responsible  for  the  change  in  fatigue  scores 
during  the  two  night  flights.  The  normal  course  of  circadian 
functions  decreases  during  early  hours  of  night,  promoting 
higher  levels  of  fatigue,  and  increases  during  morning 
hours,  with  beneficial  effects  on  fatigue.  The  two  different 


influences  of  circadian  changes  affected  fatigue  mainly  in 
the  second  part  of  the  LAX-HAM  flight. 

Results  from  subjective  fatigue  ratings  may  be  considered 
as  evidence  not  sufficient  for  discussing  flight  time 
limitations  and  rest  requirements  in  view  of  flight  safety. 
Therefore,  findings  from  objective  measurements  are 
necessary  to  arrive  at  final  conclusions.  However,  because 
in  several  aviation  related  investigations  about  fatigue  (Ref 
23  -  Ref  25),  the  impact  of  changes  in  subjective  alertness 
and  vigilance  on  performance  was  established,  the  results 
of  this  study  cannot  be  neglected  when  discussing 
regulations  on  flight  and  rest  times. 

Additional  information  about  subjective  and  physiological 
crew  fatigue  under  further  operational  conditions  can  be 
expected  from  currently  conducted  investigations  (see  table 
2). 

4.  CONCLUSIONS 

The  proposed  European  regulations  concerning  flight  duly 
limitations  and  rest  requirements  as  well  as  the  cunently 
discussed  amendments  of  Japanese  regulations  regarding 
maximum  flight  time  on  the  2-crew  flight  deck  should  be 
examined  under  consideration  of  all  results  available  and 
obtainable  from  scientific  research. 

The  main  principles  for  determing  flight  duty  and  rest  time 
limits  should  be;  (1)  Prevent  excessive  hours  of  duty  and 
inadequate  rest  periods  both  of  which  can  lead  to  short  term 
and  cumulative  crew  fatigue.  (2)  Preserve  adequate  sleep 
patterns  taking  into  account  irregular  hours  of  work  and 
time  zone  changes. 

Considering  these  principles,  the  proposed  provisions 
need  to  be  modified.  A  normal  ilight  duty  of  a  single  crew 
of  two  should  not  exceed  10  h.  Extensions  from  this 
normal  duly  length  should  be  an  exception  taking  into 
account  the  amount  of  additional  duty  hours,  lime  of  day  of 
landing  and  number  of  occurances  per  week.  In  particular, 
duty  periods  including  night  work  enhance  the  probability 
of  reduced  vigilance  and  performance  as  consequence  of 
sleep  deficits  and  circadian  influences.  They  may  lead  to 
impairments  of  performance  which  may  become  especially 
relevant  for  2-crew  long-haul  operations. 
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Table  1;  Provisions  of  proposed  JAA-regulations  (Document  19) 

Provision 

Limitation 

Maximum  Flying  Hours 

100  h/calender  month  or  100  h/consecutive  28  days 

900  h/calender  year 

Maximum  Duty  Hours 

60  h/7  consecutive  days 

100  h/ 14  consecutive  days 

1800  h/calendar  year 

Maximum  Flight  Duty  Hours 

Single  Pilot 

Two  or  more  Pilots 
Extension  by 
commander's  discretion 

10  h/day 

14  h/day 

max.  2  h  (3  h  with  augmented  crew) 

Minimum  Rest 

As  long  as  proceeding  duty  or  1 1  h  minimum,  whichever  is  the  greater 

If  more  than  4  lime  zones  crossed,  minimum  rest  is  in  h  the  factor  4 
times  number  of  lime  zones  crossed,  when  time  away  from  home  base 
was  shorter  than  60  h,  or  is  in  h  the  factor  8  times  number  of  time 
zones  crossed,  when  time  away  from  home  base  was  longer  than  60  h. 

Night  Duty 

Limits  duties  in  a  time  interval  between  0100  and  0659  local  time.  If  3 
or  more  duties  within  this  time  interval  were  performed  within  7  days, 

36  h  rest  must  be  increased  by  12  h  within  7  days. 

Split  Duty 

3  to  10:59  h  split  can  extend  duty  by  half  of  the  split 

Days  Off 

36  h  rest  within  any  7  consecutive  days  or  60  h  within  10  consecutive 
days 

7  calendar  days  within  any  calendar  month  and  24  calender  days  within 
any  calendar  quarter  year  with  at  least  50%  being  taken  at  home  base 

1 - : — ^ -  - _ 

Table  2;  Overview  of  schedules  under  OLR-investigalion  (times  in  GMT  and  local  time  LT) 

Route 

Flight  Leg 

Departure 

Arrival 

Blocktime 

Date 

GMT 

LT 

Date 

GMT 

LT 

DUS-ATL 

DUS-ATL 

Mo 

06:15 

08:15 

Mo 

16:05 

12:05 

09:50 

Dayflight 

ATL-DUS 

Th 

04:05 

00:05 

Th 

12:55 

14:55 

08:50 

Nightflight 

HAM-LAX 

HAM-LAX 

Fr 

1 1:30 

13:30 

Fr 

23:15 

16:15 

11:45 

Dayflight 

LAX-HAM 

Sa/Fr 

01:00 

18:00 

Sa 

12:00 

14:00 

11:00 

Nightflight 

FRA-LAX 

FRA-LAX 

Th 

07:10 

09:10 

Th 

19:00 

12:00 

11:50 

Dayflight 

SFO-FRA 

Mo 

20:50 

13:50 

T\i 

07:55 

09:55 

11:05 

Nightflight 

FRA-SEZ 

FRASEZ 

Sa 

20:45 

21:45 

Su 

06:10 

09:10 

BQgajl 

Nightflight 

SEZ-FRA 

Su 

19:30 

22:30 

Mo 

06:00 

07:00 

Nightflight 

r  1 

BALANCE  [h] 


WITHOUT  NAPS 


WITH  NAPS 


Figure  4  to  Figure  6:  Sieep  Baiance:  accumuiated  deviations  of  subjectiveiy 

rated  sieep  periods  from  baseline  values. 

Figure  4  (Top):  DUS-ATL  rotation  (Nss12) 

Figure  5  (Centre):  HAM-LAX  rotation  (N=10) 

Figure  6  (Bottom):  LAX-HAM  rotation  (N=10) 
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SCORES 


ATL-DUS 


SCORES 


DUS-ATL 


FLIGHTTIME  [h] 


FLIGHTTIME  [h] 


SCORES 


LAX-HAM 


SCORES 


HAM-LAX 


FLIGHTTIME  [h] 


B2B1  1  2  3  4  5  6  7  8  9  10  11  12  A 
FLIGHTTIME  [h] 


Figure  7  to  Figure  10:  Mean  fatigue  scores  (±SD)  during  fiight  duty  periods. 
B1  and  B2  indicate  pre-flight  ratings.  A  indicates  postflight  ratings. 

Black  bar  illustrates  critical  limit. 
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SUMMARY 

As  aircraft  flight  endurance  capabilities 
increase,  the  importance  of  attenuating 
fatigue  during  long  duration  missions 
increases.  Profile  of  Mood  States  (POMS) 
data  were  used  to  document  cumulative 
fatigue  and  to  explore  the  relationships 
between  mission  characteristics  and 
changes  in  mood  of  0-141  aircrew  mem¬ 
bers  during  Operation  Desert  Storm.  In 
particular,  this  research  assessed  the 
effects  of  increasing  the  limit  of  30-day 
cumulative  flight  for  long  duration  trans¬ 
port  crews  from  125  to  160  hours. 
POMS  data  were  collected  at  the  begin¬ 
ning  of  the  legal  for  alert  (LFA)  and  crew 
rest  (OR)  intervals.  Correlational  analy¬ 
ses  were  used  to  compare  POMS  dimen¬ 
sions  (anger,  depression,  confusion, 
fatigue,  vigor,  tension)  with  13  flight  and 
sleep  schedule  variables.  During  both 
LFA  and  OR  intervals,  30-day  cumulative 
flight  hours  were  not  related  to  subjective 
mood  dimensions.  However,  when  30- 
day  cumulative  flight  hours  exceeded  125 
hours,  POMS  vigor  was  decreased  by 
recent  (1-2  days)  flight  and  sleep  hours. 
Therefore,  attending  to  recent  sleep  and 
flight  history  may  predict  decrements  in 
vigor  when  operational  pressures  require 
exceeding  the  normal  cumulative  flight 
hours  per  month.  A  first  attempt  to 
construct  a  crew  rest  equation  is  pro¬ 


posed  that  accounts  for  these  factors. 
This  equation  is  based  on  a  stepwise 
multiple  regression  procedure  which 
revealed  that  vigor  and  fatigue  were  best 
predicted  by  cumulative  24-hour  sleep 
and  48-hour  flight  time.  In  addition  to 
improved  crew  rest  schedules,  dedicated 
crew  rest  facilities  and  sleep  hygiene 
Instruction  are  recommended  before 
flying  long  duration  missions. 


1  INTRODUCTION 

Increased  efficiency  in  aircraft  design  and 
inflight  refueling  have  resulted  in  unprece¬ 
dented  flight  endurance  characteristics 
for  modern  aircraft.  Human  factors  is¬ 
sues  related  to  these  developments  have 
not  progressed  as  quickly,  particularly  for 
long  range  transport  aircraft  (1).  As 
assigned  mission  lengths  increase,  crew 
fatigue  issues  become  more  important. 
However,  fatigue  management  tech¬ 
niques  and  resources  are  not  typically 
provided  to  crews.  Only  very  recently 
have  US  commercial  crews  been  allowed 
naps  during  long  flights,  although  aircraft 
sleep  facilities  remain  less  than  optimal 
(2).  Little  is  known  about  the  factors 
which  most  influence  fatigue  in  long 
duration  aircrew.  The  Gulf  war  with  Iraq 
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provided  an  opportunity  to  investigate 
these  factors. 

The  greatest  military  airlift  in  history  was 
initiated  during  the  Gulf  war  by  the  USAF 
Military  Airlift  Command  (MAC),  now 
reorganized  into  Air  Materiels  Command 
(AMC).  This  effort  tested  the  endurance 
of  both  the  airframes  and  transport 
crews.  Furthermore,  the  effort  required 
extending  the  maximum  crew  flight  limits 
of  125  cumulative  flight  hours  to  150 
cumulative  flight  hours  per  30-days. 
MAC  was  concerned  with  the  impact  of 
continuous,  long  duration  missions  on 
flight  safety.  There  were  multiple  stress¬ 
ors  associated  with  the  accelerated  pace 
of  MAC  flights  during  Desert  Storm. 
Previous  research  has  suggested  that 
irregular  rest  and  activity  cycles 
associated  with  long  duration  missions 
can  lead  to  deteriorated  performance  in 
aircrew  members  (3,4).  As  well,  continu¬ 
ous,  long  endurance  flights  are  known  to 
have  severe  physiological  consequences 
(5,6).  Finally,  eastward  flight,  which  MAC 
crews  routinely  flew,  disrupts  mission 
sleep  more  than  westward  trips  (7).  The 
Sustained  Operations  Branch  of  Armstr¬ 
ong  Laboratory  (CFTO)  has  experience 
in  evaluating  mission-induced  fatigue. 
Accordingly,  MAC  headquarters  request¬ 
ed  that  investigators  from  CFTO  evaluate 
the  effects  of  150  flight  hours  in  a  30-day 
period  coupled  with  minimum  allowable 
crew  rest  (12  hours)  during  the  final  days 
of  Operation  Desert  Storm.  The  data 
obtained  from  this  study  were  used  to 
determine  the  factors  which  have  the 
greatest  impact  on  air  transport  crew 
fatigue. 

MAC  used  a  system  to  limit  excessive 
cumulative  flight  hours  during  Desert 
Storm  that  depended  on  the  number  of 
flight  hours  in  the  most  recent  30-day 


interval.  When  cumulative  flight  time 
reached  the  limit  of  125  hours,  crewmem¬ 
bers  were  occasionally  not  allowed  to  fly 
until  their  cumulative  flight  time  de¬ 
creased.  For  example,  if  a  crewmember 
had  122  hours  in  a  30-day  interval,  they 
would  not  be  able  to  fly  on  a  mission 
over  3  hours  until  their  30  day  interval 
advanced.  The  effectiveness  of  this 
system  in  attenuating  fatigue  has  not 
been  evaluated.  Furii  .ar,  it  occasionally 
prevented  well-rested  crews  frorr-  fiving. 
This  study  documented  fatigue  in  long 
duration  aircrew  flying  more  than  125 
hours  per  30  days,  investigated  factors 
which  may  be  most  responsible  for  fa¬ 
tigue  and  explored  an  alternative  system 
of  managing  flight  hours. 


2  METHODS 

Five  C-141B  crews  were  selected  by 
MAC  to  participate  in  the  study  during 
the  final  week  of  Desert  Storm  and  three 
weeks  beyond  (16  March-14  April,  1991). 
The  crews  were  selected  from  the  437th 
Military  Airlift  Wing,  Charleston  AFB,  SC 
and  were  authorized  for  extended  cumu¬ 
lative  flight  of  150  hours  per  30-day  peri¬ 
od  and  minimum  allowable  crew  rest 
periods  of  12  hours  per  day  for  the  dura¬ 
tion  of  the  30-day  exercise.  One  investi¬ 
gator  from  the  Sustained  Operations 
Branch  of  Armstrong  Laboratory  accom¬ 
panied  each  of  the  crews  throughout  the 
data  collection  period.  Crewmembers 
completed  an  activity  log  of  events  se¬ 
lected  from  a  list  of  pertinent  activities 
(landings,  sleep,  meals,  etc)  as  well  as 
oral  temperature  and  fatigue  ratings, 
location,  and  quality  of  sleep.  These 
procedures  are  described  more  thorougly 
in  other  papers  presented  at  a  recent 
AGARD  symposium  attend  to  the  impact 
of  fatigue  on  performance,  sleep  and 
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nutrition  (8,9,10).  This  report  describes 
the  Profile  Of  Mood  States  (POMS)  re¬ 
sults  that  were  used  to  evaluate  aircrew 
subjective  states  during  the  30-  day  field 
study.  POMS  were  completed  each  time 
the  crews  became  Legal  For  Alert  (LFA) 
(i.e.,  at  the  end  of  their  crew  rest)  and 
before  Crew  Rest  (OR)  (i.e.,  at  the  end  of 
their  duty  day).  The  LFA  interval  began 
as  soon  as  the  OR  interval  ended  and 
extended  until  either  four  hours  had 
passed  or  a  mission  had  been  assigned, 
whichever  occurred  first.  The  majority  of 
the  missions  were  assigned  within  the  4- 
hour  window.  However,  at  the  end  of  the 
4-hour  window,  the  OR  interval  was  usu¬ 
ally  started  again. 

POMS  is  a  convenient  method  of  identify¬ 
ing  and  assessing  mood  state  changes 
(11).  It  measures  six  mood  dimensions; 
tension-anxiety,  depression-dejection, 
anger-hostility,  vigor-activity,  fatigue-iner¬ 
tia,  and  confusion-bewilderment  (11). 
POMS  consists  of  65  adjectives  which 
are  rated  on  a  5-point  scale  that  ranges 
from  'not  at  all’  to  ’extremely'.  The  raw 
POMS  data  were  normalized  using  col¬ 
lege  student  samples,  as  is  the  typical 
procedure  for  non-psychiatric  popula¬ 
tions. 

The  activity  log  and  POMS  data  were 
entered  into  a  large  data  base  that  resid¬ 
ed  on  a  VAX  11-780  computer  and  were 
amenable  to  statistical  manipulation. 
Thirteen  sleep  and  flight  schedule  vari¬ 
ables  were  derived  from  the  activity  logs. 
Cumulative  30-day  flight  time  was  total 
monthly  accumulated  flight  time  for  each 
day  in  the  30-day  exercise.  Four  other 
flight  schedule  variables  were  cumulative 
flight  hours  in  one,  two,  three  and  five 
days.  An  additional  four  variables  were 
cumulative  hours  of  sleep  in  one,  two, 
three  and  five  consecutive  days.  The 


final  four  variables  were  the  number  of 
times  each  subject  went  to  sleep  in  one, 
two,  three  and  five  days  of  the  study. 
Data  analyses  focused  on  pilots  only 
(aircraft  commander  and  co-pilot)  since 
they  slept  less  during  flight  than  other 
crewmembers.  Other  crewmembers 
were  able  to  either  sleep  in  shifts  (engi¬ 
neers)  or  sleep  throughout  most  of  the 
flight  (loadmasters). 

After  each  flight  in  the  study,  the  Digital 
Flight  Data  Recorder  (DFDR)  information 
was  obtained  on  magnetic  recording  tape 
for  later  playback  and  analysis.  This 
technique  was  designed  to  provide  an 
objective  measure  of  piloting  perfor¬ 
mance  that  might  be  linked  to  subjective 
state  and  with  cumulative  flight  hours 
(8,13). 


3RESjDLTS 

Cumulative  flight  hours  in  a  30-day  period 
were  organized  into  blocks:  0-75  hrs,  76- 
100  hrs,  101-125  hrs  and  126-150  hrs. 
Analysis  of  variance  (ANOVA)  compari¬ 
sons  revealed  cumulative  30-day  flight 
hour  blocks  had  no  significant  effect  on 
subjective  mood  at  LFA  or  CR.  In  gener¬ 
al,  POMS  scores  at  LFA  were  improved 
(p  <  0.01)  over  those  obtained  at  CR  for 
fatigue,  vigor  and  confusion  but  not  for 
anger,  tension  or  depression.  The  larg¬ 
est  improvements  were  in  fatigue  and 
vigor  scores.  Vigor  and  fatigue  scores 
obtained  at  CR  and  LFA  are  shown  in 
Figures  1  and  2,  respectively.  These 
figures  also  show  that  vigor  and  fatigue 
scores  were  better  at  the  beginning  of 
the  study  (less  than  75  hours)  and  tend¬ 
ed  to  decline  as  cumulative  30-day  flight 
hours  increase. 

The  six  POMS  dimensions  were  signifi- 
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Figure  1.  POMS  Vigor  Scores  when  Legal  for  Alert  (LFA) 
and  during  Crew  Rest  (CR).  Average  scores  and  Standard 
Error  of  the  Means  (SEM)  are  shown. 
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Figure  2.  POMS  Fatigue  Scores  when  LFA  and  during  CR. 
Average  Scores  and  SEM  are  shown. 
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Table  1.  Correlation  coefficients  for  POMS  din>ensions  for  LFA  (SHADED)  and  for  CR  over  the 
30  day  study. 


ANGER 

FATIGUE 

VIGOR 

TENSION 

DEPRESSION 

CONFUSION 

ANGER 

- 

■<}59 

<L$9 

6J37 

FATIGUE 

0.31 

- 

-6.S7 

6.28 

084 

689 

VIGOR 

-059 

-0.68 

- 

•0.t8 

^>59 

TENSION 

0.73 

0.32 

-0.30 

- 

0.82 

0.49 

DEPRESSION 

0.81 

0.36 

-0.36 

0.64 

- 

0.63 

CONFUSION 

0.60 

0.63 

0.57 

0.59 

0.66 

_ 

Table  2.  Of  the  six  POMS  dimensions,  those  shown  were  affected  bv  cumulative  flioht  hours  on- 
ly  if  recent  flight  and  sleep  hours  were  considered.  The  Vigor  dimension  is  the  most  sensitive 
to  cumulative  flight  hours  in  a  30  day  period  and  flight  or  sleep  within  the  prior  24-48  hours. 

<  75  hours 

100-125  hours 

>  125  hours 

Leaal  For  Alert 

Flight  in  4C  hours 

Depression 

Tension 

— 

Sleep  in  48  hours 

— 

— 

Vigor 

Crew  Rest 

Flight  in  24  hours 

— 

— 

Vigor 

Sleep  in  48  hours 

Vigor 

cantly  (p  <  0.05)  intercorrelated  as  shown 
in  Table  1.  The  shaded  area  in  Table  1 
shows  the  inter-correlations  for  POMS 
scores  during  the  LFA  interval.  The  non- 
shaded  area  shows  the  scores  during  the 
CR  interval.  These  data  suggest  that 
subjective  mood  dimensions  tended  to 
be  similarly  affected  by  the  demands  of 
long  duration  missions. 

Evaluation  of  the  POMS  data  next  cen¬ 
tered  on  recent  flight  and  sleep  history 
variables.  ANOVA  comparisons  revealed 


effects  of  these  variables  on  three  of  the 
POMS  dimensims  within  cumulative  30- 
day  flight  houi  clocks  (see  Table  2). 
Specifically,  during  LFA,  increases  in 
depression  and  tension  were  related  to 
increases  in  48-hour  flight  when  cumula¬ 
tive  30-day  flight  hours  were  less  than 
75  hours  and  100-125  hours,  respec¬ 
tively.  As  well,  during  LFA,  when  cumula¬ 
tive  flight  hours  exceeded  125  hours, 
decreases  in  vigor  dimension  were  relat¬ 
ed  to  decreases  in  the  amount  of  sleep 
in  the  past  48  hours  for  the  LFA  and  the 
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CR  intervals.  During  CR,  decreases  in 
vigor  also  were  related  to  increases  in 
24-hour  flight  times,  as  shown  in  Table  2. 

Averages  of  flight  and  activity  log  vari¬ 
ables  associated  with  the  maximum 
POMS  fatigue  scores  are  shown  in  Table 
3.  Scores  for  the  average  maximum 
fatigue  value  found  during  the  LFA  and 
the  CR  are  shown  in  Column  1  and  2  of 
Te^le  3  (labelled  Average  (LFA)  and 
Average  (CR),  respectively).  The  average 
maximum  POMS  fatigue  score  across  the 
entire  30-day  exercise  (both  LFA  and  CR) 
and  the  associated  flight  and  activity  log 
variables  are  in  the  Average  (Overall)  col¬ 
umn.  For  example,  the  average  time  of 
day  (ZULU)  in  which  the  greatest  POMS 
scores  were  recorded  occurred  at  about 
1 1 :00  Zulu  time.  This  would  correspond 
to  about  05:00  local  time  at  Charleston 
Air  Force  Base,  the  home  base  for  these 
crews.  Finding  a  maximum  in  subjective 
fatigue  at  this  time  in  the  morning  may  be 
due  to  circadian  rhythmicity  of  the  nor¬ 
mally  diurnally  active  pilots.  In  addition, 
the  maximum  POMS  fatigue  scores  oc¬ 
curred  early  in  the  30-day  study,  prior  to 
the  pilot’s  accumulating  more  than  94.1 
cumulative  30-day  flight  hours.  Table  3 
also  shows  the  number  of  flight  and 
sleep  hours  the  crews  experienced  in  the 
24  and  48  hours  immediately  prior  to 
recording  their  maximum  POMS  fatigue 
scores. 

Figure  3  demonstrates  changes  in  cumu¬ 
lative  48  hours  of  sleep  across  30-day 
flight  time  blocks.  This  figure  shows  that 
crewmembers  slept  the  least  before  they 
had  accrued  75  cumulative  30-day  flight 
hours.  This  figure  also  shows  that  the 
amount  of  sleep  obtained  was  highest  in 
the  125-150  cumulative  30-day  flight  hour 
range. 


Analyses  of  digital  flight  data  revealed 
that  during  Instrument  Landing  System 
(ILS)  approaches,  increases  in  airspeed 
and  heading  deviations  tended  to  corre¬ 
spond  to  increases  in  subjective  fatigue. 
The  maximum  deviations  in  airspeed  and 
heading  shown  in  Figure  4  did  not 
achieve  statistical  significance  when 
compared  across  cumulative  30-day  flight 
hours. 

Finally,  a  stepwise  linear  regression  pro¬ 
cedure  was  used  to  investigate  which 
variables  could  predict  subjective  vigor 
and  fatigue  values.  All  13  variables  used 
in  the  procedure  are  listed  in  Table  4  but 
only  those  which  significantly  improved 
the  predictions  were  paired  with  equation 
estimates  in  Table  4. 

The  prediction  data  shown  in  Table  4 
for  fatigue  are  used  in  an  example  in 
Table  5.  The  information  presents  a 
means  to  determine  how  fatigued  a  crew¬ 
member  is  and  a  means  for  determining 
who  is  in  need  of  a  longer  crew  rest. 
The  scores  are  anchored  in  subjective 
fatigue  and  vigor  scores.  Conceivably, 
the  length  of  sleep  necessary  to  reduce 
the  scores  to  ar.ceotable  levels  can  also 
be  determined  empirically. 


4  DISCUSSION 

As  greater  distance  capabilities  are  de¬ 
signed  into  aircraft  the  issue  of  crew 
fatigue  becomes  more  important.  Com¬ 
fortable  crew  rest  and  hygiene  facilities 
should  be  an  integral  part  of  long  endur¬ 
ance  aircraft  design.  Long  duration 
missions  require  careful  management  of 
the  crew  rest  periods  on  the  ground  as 
well  as  in  the  air. 


The  study  found  that  pilots  can  safely  fly 
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Table  4.  Stepwise  linear  regression  estimates  of  POMS  vigor  and  fatigue.  Degrees  of  Freedom 
(Total  DF),  the  probability  associated  with  the  F  ratio  (Prob>F),  and  the  overall  are  shown 
for  vigor  and  fatigue.  The  variables  which  contributed  significantly  (p<0. 15)  to  model  the  partial 
P*  value  (R**2)  for  each  variable,  and  the  associated  probability  for  each  (Prob>F)  are  also 


shown. 

Total  DF 

Prob>F 

Overall  R**2 

VIGOR  267 

0.0001 

0.081 

Variable 

Estimate 

R**2 

Prob>F 

Intercept 

49.96 

0.0001 

Flight  in  48  hrs 

-0.43 

0.072 

0.0001 

Sleep  in  24  hrs 

0.262 

0.081 

0.1286 

Total  DF 

Prob>F 

Overall  R**2 

FATIGUE  267 

0.0001 

0.147 

Variable 

Estimate 

R**2 

Prob>F 

Intercept 

53.2 

0.0001 

Flight  in  48  hrs 

0.38 

0.07 

0.0001 

Cumulative  30  day  hrs 

-0.04 

0.12 

0.036 

Sleep  in  24  hrs 

-0.57 

0.14 

0.008 

Other  variables  considered  for  the  model: 

Flight  hours  in  5  days;  3  days;  2  days; 

1  day 

Sleep  hours  in  5  days:  3  days;  2  days;  1  day 
Sleep  attempts  in  5  days;  3  days;  2  days  1  day 
Cumulative  flight  hours  in  30  days 


Table  5.  An  example  of  the  application  of  the  crew  rest  intervai  equation  in  determining  which 
of  2  aews  needs  the  longer  crew  rest  interval.  For  illustrative  purposes,  crew  Vigor  should  be 
over  a  value  of  45  to  be  considered  mission  safe. 

Pilot  A  has  12.5  hours  of  flight  in  the  last  48  hours  and  8  hours  of  sleep  in  the  past  24  hours. 
Vigor  -  (49.95)  +  '0.43  *  12.5  hrs)  +  (0.26  *  8.0  hrs)  -  46.65 

Pilot  B  has  15.5  hours  of  flight  in  the  last  48  hours  and  10  hours  of  sleep  in  the  past  24  hours. 
Vigor  -  (49.95)  +  (0.43  *  15.5  hrs)  +  (0.26  *  10  hrs)  =  45.88 

Pilot  B:  gets  the  longer  crew  rest  because  she/he  has  less  vigor.  (If  a  cut-off  score  of  45  is 
used  to  minimize  fatigue,  then  both  pilots  would  be  safe  to  fly.) 
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Figure  4.  Average  deviations  in  heading  and  airspeed  as 
a  function  of  POMS  fatigue.  Mean  and  SEM  are  shown. 


long  duration  missions  in  excess  of  150 
cumulative  30-day  flight  hours  with  no  gr¬ 
eater  increase  in  fatigue  than  for  fewer 
cumulative  flight  hours.  The  differences 
between  LFA  and  CR  intervals  in  particu¬ 
lar  for  fatigue  and  vigor,  indicated  that 
crew  rest  was  restorative.  Cumulative 
flight  hour  blocks  alone  do  not  account 
for  significant  effects  on  mood.  However, 
combining  cumulative  flight  hours  per 
month  with  decreasing  hours  of  recent 
sleep  decreased  the  POMS  vigor  dimen¬ 
sion  during  LFA  arKf  CR  intervals  only 
when  cumulative  flight  hours  exceeded 
125  hours  per  30-day  period.  Vigor  was 
the  most  sensitive  of  the  FOMS  dimen¬ 
sions  to  cumulative  flight  hours  in  excess 
of  125  hours  per  month  when  recent 
sleep  (past  24  hours)  is  considered. 
Vigor  was  also  affected  when  flight  hours 
in  the  past  24  hours  are  considered  with 
cumulative  30-day  flight  time. 


The  finding  that  the  maximum  fatigue 
levels  occurred  early  in  the  study  as 
shown  in  Table  3,  suggests  that  the 
crews  were  adjusting  to  the  demands  of 
the  missions.  This  suggestion  may  be 
supported  by  data  presented  in  Figure  3 
which  indicate  that  crews  were  getting 
more  sleep  as  cumulative  flight  hours 
increased  across  missions.  There  were 
no  serious  accidents  for  transport  aircrew 
that  could  be  related  to  fatigue  during 
Operation  Desert  Storm.  Still,  it  was 
possible  to  demonstrate  that  subjective 
fatigue  can  be  associated  with  impaired 
performance  as  shown  in  Figure  4.  The 
data  in  Figure  4  suggests  a  range  of 
fatigue  scores  that  might  be  acceptable 
for  mission  standards.  A  goal  of  the 
paper  was  to  determine  which  of  the 
variables  under  consideration  were  best 
correlated  with  mission-induced  fatigue 
and  to  construct  an  empirical  formula  for 
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quantifying  fatigue.  The  formula  is  a  first 
attempt  to  quantify  fatigue  for  use  in  the 
field  and  needs  to  be  empirically  verified. 
Considering  recent  crew  history  in  deter¬ 
mining  how  much  crew  rest  to  assign 
crews  may  provide  an  advantage  to 
managers  because  more  crews  should 
be  available  than  by  using  the  current  30- 
day  cumulative  flight  hour  restriction.  It  is 
not  difficult  for  crews  to  keep  track  of 
recent  sleep  and  flight  hours  since  they 
currently  do  this  for  cumulative  flight 
hours.  Presumably,  the  actual  amount  of 
sleep  necessary  to  reduce  fatigue  to 
acceptable  limits  could  be  determined 
from  the  further  refinement  of  the  equa¬ 
tion. 

A  fatigue  management  system  is  needed 
to  plan  for  long  duration  missions.  The 
system  should  include  circadian  issues, 
sleep  hygiene  issues,  crew  rest  sched¬ 
ules,  flight  schedules,  nutrition,  exercise, 
dedicated  crew  rest  facilities,  onboard 
napping  facilities  and  schedules.  Physi¬ 
cal  accommodations  could  be  improved 
onboard  the  aircraft.  For  example,  the 
radio  aid  known  as  cell  call  for  military 
aircraft  would  prevent  the  fatigue  associ¬ 
ated  with  monitoring  long  hours  of  radio 
static  over  the  ocean.  The  seats  on¬ 
board  could  be  more  comfortable  and 
more  attunod  to  back  support  for  long 
duration  missions.  Humidity  control, 
workable  sinks  and  toilets,  better  bunk 
facilities  are  all  means  to  help  reduce  the 
stress  and  improve  the  endurance  of  the 
crew.  Morale  of  crews  would  be  im¬ 
proved  if  workable  ovens  to  heat  foods 
were  made  available.  Healthier  ^oods 
could  be  made  available  at  flight  kitchens 
and  vending  machines.  Extending  the 
hours  at  other  food  facilities  for  long 
duration  aircraft  is  highly  recommended. 
Crewmembers  should  be  encouraged  to 
avoid  saturated  fats  and  high  sugar  prod¬ 


ucts.  Naps  onboard  the  airctaft  should 
be  encouraged.  Gyms  should  be  left 
open  24  hours  a  day  for  crews  expe¬ 
riencing  long  duration  missions.  Consid¬ 
eration  also  should  be  given  to  sleep 
promoting  compounds  to  increase  the 
restfulness  of  naps,  particularly  during 
unusual  crew  rest  times.  Lastly,  consid¬ 
eration  should  be  given  to  stimulants  to 
be  used  in  emergencies  during  critical 
periods  of  flight.  These  recommenda¬ 
tions  should  extend  to  ground  personnel 
who  support  the  crews  in  the  air  as  well. 
Long  duration  missions  depend  on  the 
community  that  support  it  and  includes 
the  mechanics  as  well  as  Air  Traffic  Con¬ 
trollers. 

Since  the  vast  majority  of  flights  crossed 
multiple  time  zones  travelling  in  either  an 
eastward  or  westward  direction,  no  at¬ 
tempt  was  made  to  control  for  direction 
of  flight.  It  was  hoped  that  these  nflu- 
ences  would  not  contribute  undue  vari¬ 
ability  to  the  results  since  there  were  just 
as  many  eastward  as  westward  flights 
An  evaluation  of  subjective  data  collecti 
from  long  duration  transport  crews  durin^i 
the  Gulf  war  found  tnat  recent  sleep  anc 
flight  hours  were  better  predictors  of 
fatigue  than  was  cumulative  30-day  flight 
time.  Linear  regression  procedures  were 
used  to  construct  a  formula  that  objec¬ 
tively  predicts  fatigue  and  vigor  scores. 
Crew  rest  onboard  the  aircraft  is  currently 
left  to  the  aircraft  commander.  The  for¬ 
mula  described  here  represents  a  rational 
means  to  determine  who  gets  sleep  on 
the  aircraft  in  flight.  Alternative  strategies 
for  crew  rest  inflight  would  be  to  have 
rotating  crews  whose  biological  rhythms 
are  12  hours  out  of  phase.  One  crew 
would  be  rested  and  ready  for  flight  at 
take-off  while  a  second  team  would  be 
ready  for  rest  during  the  flight  and  fresh 
at  landing.  (14).  Attending  to  recent 
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Sleep  and  flight  histories  as  well  as  cu¬ 
mulative  flight  history  may  improve  vigor 
and  mood  when  operational  pressures 
require  exceeding  125  flight  hours  per 
month. 
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SUMMARY 


Mostly,  in  aeronautical  environment,  the 
extended  operation  times  assume  the  continued 
operations  aspect  with  tong  duration  flights,  sometimes 
transmeridian.  In  this  operations  setting,  the  fast  and 
repeated  passing  of  several  time  zones  is  attended  with 
the  classical  symptomatology  of  "Jet-lag",  intensified  by 
the  own  conditions  of  the  mission.  The  appearance  and 
the  extent  of  "Jet-lag"  are  variable  according  to  the  flight 
and  the  involved  subject  characteristics ;  nevertheless,  the 
psychomotor  performances  decrease  is  a  constant  factor 
of  these  disorders.  In  order  to  investigate  with  a  greater 
accuracy  this  aspect  in  laboratory,  the  authors  present  a 
study  model  represented  by  the  STRES  battery,  an 
ensemble  of  seven  psychomoior  tests,  recommended  by 
the  working  group  n”  12  of  the  AGARD/NATO,  that 
allows  the  evaluation  of  the  whole  psychomoior  register 
of  a  subject  situated  in  stress  environmental  conditions,  in 
a  broad  meaning.  Two  applying  examples  of  these  tests  to 
sleep  deprivation  states  are  introduced  so  as  to  illustrate 
the  sensibility  and  the  interest  of  implementing  this  tests 
battery.  In  view  of  the  disorders  penalizing  effect,  several 
authors  have  postulated  for  solutions  in  order  to  suppress 
or  at  least  to  reduce  the  duration  and  importance  of  such 
symptoms.  Thus,  some  accurate  instructions  have  been 
recommended  relating  to  the  maximum  workload 
condition  that  can  not  be  exceeded  and  to  the  dual 
aircrew.  Others  have  enjoined  to  be  synchronise  with  the 
new  time  table  before  departure  or  to  strengthen  the 
social  "zeitgeber"  at  arrival.  Phototherapy,  naps,  dietetic 
measures  and  physical  exercice  arc  also  a  part  of  the 
suggested  steps.  The  pharmacological  approach  with  the 
use  of  caffeine,  hypnotics  and  more  recently  of 
melatonin,  have  a  new  lease  of  interest  especially  with 
the  appearance  of  new  awakening  drugs,  as  powerful  as 
amphetamines  but  without  their  secondary  effects.  Thus, 
after  the  justification  of  the  stimulating  drugs  use  in  the 
setting  of  wake  sleep  rhythms  desynchronisation,  the 
authors  present  concisely  the  modafinil,  main 
representative  of  this  new  molecule  category.  Then,  from 
examples  of  the  laboratory,  on  occasion  of  psychomoior 
performance  evaluation  with  the  STRES  battery  on 
subjects  under  sleep  deprivation,  or  on  field,  they  present 
some  results  obtained  after  dispensation  of  this  drug.  At 
the  end  of  this  review  and  of  the  experimental  results,  it 
appears  that  the  extended  operation  times  induce  wake- 
sleep  rhythm  and  psychomotor  performances  disorders. 
Numerous  possibilities,  complementary,  exist  in  order  to 
reduce  the  observed  disorders  ;  none  of  them  appears 
alone  sufficient.  Nevertheless,  the  new  awakening  drugs 


appearance,  on  account  of  their  great  efficiency  and  their 
whole  inocuiiy,  should  consiiiuc  .  major  clement  in 
biological  rhythms  rcsynchronisation  in  the  future. 


RESUME 

Les  operations  soutenucs  reveieni  Ic  plus 
souveni  en  milieu  adronautique  I’aspeci  d'operations 
continues  comportanl  des  vols  de  longue  duree,  parfois 
iransmeridiens.  Dans  le  cadre  de  ces  operations,  le 
franchissement  rapide  et  repete  de  plusicurs  fuseaux 
horaires  s’accompagne  de  la  sympiomaiologie  classique 
du  "jet-lag"  aggravde  par  les  conditions  propres  a  la 
mission.  L'appariiion  et  I’importancc  du  "jet-lag"  sont 
variables  cn  fonciion  de  la  nature  du  vol  et  du  sujet  qui 
I'accomplii,  ccpendani  un  facicur  constant  de  ccs 
perturbations  esi  la  diminution  des  performances 
psychomolrices.  Afin  d’approchcr  plus  precisemmcni  cei 
aspect  en  laboratoirc,  les  auteurs  prdsentent  un  modclc 
rcprdscnie  par  la  STRES  battery,  ensemble  de  sept  tests 
psychomoicurs  recommandd  par  le  groupe  de  travail  n'^ 
12  de  1' AGARD/NATO,  qui  pcrmei  d'dvaluer  I'cnsemble 
du  regislre  psychomoteur  d'un  sujet  place  dans  un 
environnement  stressant,  au  sens  large  du  lerme.  Deux 
cxcmples  d'application  de  ces  tests  a  dcs  situations  de 
privations  de  sommcil  sont  donnes  afin  d'illusicr  la 
sensibiliid  cl  rinicrci  de  la  mise  cn  oeuvre  de  celic 
batteric  de  tests.  Devant  I'cffct  penelisant  de  ces 
perturbations  de  nombreux  auteurs  oni  propose  dcs 
solutions  pour  sinon  supprimer  du  moins  rfiduire  la  duree 
et  I'importancc  de  ccs  sympiomcs.  C'esi  ainsi  quo  dcs 
consignes  precises  ont  6l6  prdconisdes  concernant  la 
charge  maximale  de  travail  h  ne  pas  d<5passcr  et  Ic 
fonctionnemeni  en  Equipage  double.  D'autres  ont 
rccommand6  de  se  synchroniser  au  nouvel  horaire  avanl 
le  depart  ou  de  renforcer  les  synchroniscurs  sociaux  une 
fois  arrivd.  La  phoiolhdrapic,  les  petits  .sommes  (ou  naps), 
dcs  mcsurcs  didldtiques  cl  I'excrcicc  physique  font  au.ssi 
partic  de  la  panoplic  des  mcsurcs  proposccs.  L'approchc 
pharmacologiquc  avec  I'uiilisaiion  de  la  cafcinc,  dcs 
hypnoliques  cl  plus  rdccmmcni  de  la  mdlaioninc,  connaii 
un  regain  d'intdret  notamment  avec  l'appariiion  de 
nouvcllcs  moldculcs  dvcillantcs  aussi  puissanics  que  les 
amphdiamincs  mais  sans  Icurs  cffcis  sccondaircs.  C'csi 
ainsi  qu'aprds  avoir  jusiifid  I'uiilisaiion  de  substances 
siimulantes  dans  le  cadre  d’unc  ddsynchronisation  dcs 
rythmes  veillc-sommeil,  les  auteurs  prdsentent 
succinicmeni  le  modafinil,  principal  rcprdscniani  de  cclic 


Presented  at  an  AGARD  Meeting  on  Recent  Advances  in  Long  Range  and  Long  Endurance  Operation  of  Aircraft',  May  IW. 


18-2 


nouvelle  classe  de  molecules.  Puis  a  panir  d'cxempics 
pris  en  laboratoire,  ^  I'occasion  de  revaluation  dc  la 
performance  psychomoirice  avec  la  STRES  Battery  chez 
des  sujets  soumis  ^  des  privations  de  sommeil,  ou  sur  le 
terrain,  ils  donnent  quelques  exemples  de  r6sultats 
obtenus  aprfes  administration  de  ceite  substance.  A  Tissue 
de  cette  revue  et  des  r6sultats  experimcntaux  obtenus.  il 
apparait  que  les  operations  de  longue  duree  provoqueni 
des  perturbations  du  rythme  veille-sommeil  et  des 
performances  psychomotrices.  De  nombreuses 
possibilites,  compiementaires,  existent  pour  tenter  de 
reduire  les  degradations  observees,  aucune  ne  semble  etre 
suffisante  i  elle  seule,  cependant  Tapparition  de  nouvelles 
substances  eveillantes,  en  raison  de  leur  grande  efficacite 
et  de  leur  totale  innocuite,  pourrait  constituer  dans 
Tavenir  un  element  majeur  dans  la  resynchronisation  des 
rythmes  biologiques. 


INTRODUCTION 

Les  operations  aeriennes  a  longue  distance  et  dc 
longue  duree  ne  sont  pas  sans  poser  de  nombreux 
probiemes  dans  le  domaine  dil  du  facteur  humain.  Parmi 
les  probiemes  rencontres,  celui  de  la  perturbation  du 
rythme  veille-sommeil  est  essentiel.  En  effet,  les  vols 
transmeridiens,  en  raison  du  franchissemeni  rapide  et 
repete  de  plusieurs  fuscaux  horaires,  vont  modifier  les 
rythmes  circadiens  de  I'organisme,  dont  le  rythme  veille- 
sommeil.  De  plus,  en  milieu  militaire,  pour  des  raisons  de 
discretion  et  des  raisons  operationnelles,  les  decollages 
s'effectuent  la  nuit  aprfes  toute  une  joumde  de  preparation 
de  la  mission  n'ayant  pas  permis  dans  la  plupart  des  cas, 
la  prise  d'un  repos  compensateur.  C'est  ainsi  qu'a  Teffei 
propre  du  d&alage  horaire,  appeie  "jet-lag"  vont  s’ajouier 
d'une  part  une  privation  plus  ou  moins  importanie  dc 
sommeil  et  d'autre  part  un  ddpassement  de  la  charge  de 
travail,  habiiuelle,  dans  un  contextc  operationel  et  peut- 
etre  de  conflit.  Les  consequences  d'une  telle  perturbation 
sont  multiples,  mais  Tune  d  entre  elles  peut  etre 
particulierement  penalisante  pour  la  conduite  de  la 
mission  ;  il  s'agit  de  la  degradation  des  performances 
psychomotrices.  De  nombreux  chcrcheurs  se  sont 
penches  sur  ce  problfeme  et  un  nombre  assez  eieve  de 
solutions  oni  ete  proposees  pour  tenter  de  reduire  les 
effets  observes.  Afin  de  faire  le  point  sur  la  question, 
nous  commencerons  ce  travail  en  rappclant  brievcmcni 
les  principales  alterations  du  rythme  veille-sommeil  lors 
des  vols  transmeridiens,  puis  nous  donnerons  un  cxemple 
d'etude  de  la  performance  psychomotrice  en  laboratoire  h 
partir  de  la  mise  en  oeuvre  de  la  STRES  Battery 
(Standardized  Tests  for  Research  in  an  Environmental 
Stressors).  Dans  une  troisieme  partie  nous  donnerons  une 
liste,  non  exhaustive,  des  solutions  habitucllcment 
preconisees  pour  lutter  contre  les  effets  du  "jet-lag". 
Seront  aussi  envisagdes  des  solutions  ergonomiques, 
physiologiques  et  pharmacologiqucs.  Enfin,  dans  la 
dernibre  partie,  nous  aborderons  la  possibility  de 
prolonger  I'dveil  ^  partir  d'une  moldcule  dveillantc 
originale  en  donnant  quelques  rdsultats  expdrimentaux 
obtenus  lors  d'expdrimentaiions  de  privations  de  sommeil 


II  est  illusoire  de  vouloir  repertorier  Tensemble 
des  symptomes  ou  effets  dus  aux  perturbations  du  rythme 
veille-sommeil,  tant  ceux-ci  sont  variables  dans  leur 
intensity  et  divers  dans  leur  expression.  En  effet, 
plusieurs  paramytres  interviennent  dans  la  variation  des 
effets  observds  et  devront  etre  pris  en  compte  dans 
Tappreciation  gyndrale  du  phenorndne.  Par  ailleurs, 
Tetiologie  de  ces  phynomcnes  est  encore  peu  ou  mal 
connue. 

1)  PRINCIPALES  ALTERATIONS  DU  RYTHME 
VEILLE  •  SOMMEIL  LORS  DES  YQLS  DE 
LONGUE  DUREE 

1. 1.  Svnthfese  des  effets  obseryds 

Le  rythme  veille-sommeil  comme  beaucoup 
d'autres  rythmes  biologiques  est  dit  circadien  en  raison  de 
sa  pdriodicity  voisine  de  24  heures  (1).  Toute  interruption 
ou  modification  de  ce  rythme  est  souvent  &  I'origine  d'un 
ensemble  de  symptomes  appeles  par  les  anglo-saxons  le 
"jet-lag". 

Cependant  pour  apparaitre,  cette 
symptomaiologie  ndeessite,  en  ce  qui  conceme  le  piloie 
d'adronef  ou  des  troupes  adroportees,  le  franchissement 
rapide  de  quatre  a  cinq  fuseaux  horaires  et  persiste  quatre 
a  cinq  jours  avani  qu'un  dquilibre  soil  reirouvd  ;  le  sujet 
rcprenani  un  rythme  physiologique  de  base  (2).  En 
rdalitd,  il  a  dtd  monird  que,  si  apparemment  Tensemble 
des  ddsordres  fonctionnels  rentrait  dans  Tordre,  certains 
rythmes  fondamentaux  comme  celui  de  la  tempdrature  ou 
de  certaines  sderdtions  hormonalcs  ne  se  remetiaient  en 
phase  avec  le  nouveau  rythme  imposd  que  beaucoup  plus 
Icntemeni  (deux  h  trois  mois  scion  le  cas)  (3). 

Les  principaux  troubles  observes  sont  ceux 
affectani  le  sommeil  et  Tappareil  digestif.  Les  troubles  du 
sommeil  consdeutifs  au  ddcalage  existent  dans  78  %  des 
cas  (2).  II  s'agit  de  difficultds  ^  Tendormissement, 
d'insomnie  nocturne,  de  rdveils  precoces  et  de 
somnolence  diume.  Les  troubles  digestifs  observds, 
parfois  aggravds  par  le  changement  de  rdgime 
alimentaire,  sont  essentiellemement  dus  aux  variations 
incessantes  de  Thoraire  des  repas.  Mais  cette 
symptomatologie  n  est  pas  la  seule  manifestation  d'une 
altdration  du  rythme  veille-sommeil. 

Les  perturbations  des  autres  rythmes  biologiques 
comme  celui  de  la  tempdrature  ou  des  sderdtions 
hormonalcs  concomitants  physiologiques  du  rythme 
veille-sommeil,  sont  pcut-ctre  5  I'origine  d'altdrations  plus 
ou  moins  profondes  du  fonctionnement  gdndral  de  notre 
organisme  el  de  son  mdtabolisme  de  base.  Une  dquipe  de 
chercheurs  militaires  des  Pays-Bas  a  ainsi  disiingud  des 
effets  aigus  apparaissani  rapidement  lors  de 
franchissement  limitds  dans  le  temps  des  fuseaux  horaires 
et  des  effets  chroniques  observds  surtout  chez  le 
personnel  navigant  et  dus  ^  des  modifications  rdpytdes  du 
rythme  veille-sommeil  (4)  (cf  Tableau  n°l). 

L'ensemble  de  cette  symptomatologie,  qu'il 
s'agisse  d'effets  aVgus  ou  d'effets  chroniques,  est  retrouvde 
de  fa(on  sysidmatique  et  des  degrds  divers  dans  les 
travaux  dvaluant  la  quantity  et  la  quality  du  sommeil  du 
personnel  navigant  (5,  6,  7,  8,  9,  10,  11,  12),  Il  est  k 
remarquer  que  dans  la  liste  des  effets  observds,  celui  de  la 
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degradation  des  performances,  tient  une  place  majeure 
(13, 14, 12). 


1.  2.  Facteurs  de  variations 

Les  facteurs  de  variation  des  effets  des  privations 
de  sommeil  sont  essentiellement  au  nombre  de  quatre  : 
les  facteurs  individuels,  les  facteurs  d'environnemeni,  le 
sens  du  d6placement  pour  le  "jet-lag"  el  I'associalion 
eventuelle  avec  les  facteurs  propres  h  la  mission. 

En  dehors  des  6tals  paihologiques,  I'age  du  sujet 
semble  jouer  un  role  relativemeni  mineur  dans  le  cadre 
des  facteurs  individuels.  Cependant  dans  certains  travaux 
(15)  les  sujets  inclus  dans  la  fourchette  d'age  40-60  ans 
semblent  plus  vuln6rables  aux  privations  de  sommeil  que 
les  sujets  plus  jeunes.  En  raison  de  rapparition  tardive  des 
maxima  et  des  minima  du  cycle  circadien,  le  ddcalage  du 
ryihme  "vers  la  droite"  (necessaire  apres  un  vol  vers 
I'ouest)  est  plus  facile  pour  la  "personne  du  soir"  que  pour 
la  "personne  du  matin". 

Les  facteurs  d'environnemeni  semblent  jouer  un 
role  beaucoup  plus  important.  En  effet,  a  cote  du 
franchissement  des  fuseaux  horaircs  ct  du  travail  poste, 
facteurs  tres  influents  de  I'environnemcnt  sur  le  sommeil, 
le  bruit,  la  temperature,  Taliitudc,  le  confort  intervicnncni 
pour  une  bonne  part  dans  la  qualiie  et  la  quantiid  de 
sommeil.  En  ce  qui  concerne  le  bruit,  il  apparait  que  ce 
qui  imporie  au  niveau  de  la  perturbation  du  sommeil  esi 
la  difference  entre  le  fond  sonore  habituel  avec  lequel  vii 
et  dort  le  sujet  et  le  niveau  maximum  de  bruit  observe  : 
plus  grande  sera  la  difference,  plus  grande  sera  la 
modification  du  sommeil.  Cependant,  les  changemenis 
obtenus  dans  la  qualite  du  sommeil  peuvcni  diminuer  lors 
d'expositions  repdides  aux  bruits  mais  le  mecanisme 
physiologique  resle  inconnu  (14,  16).  Les  relations 
sommeil  et  ambiance  thermique  ont  suriout  eie  etudiecs 
par  Muzet  (17)  ^  Strasbourg  et  par  Buguet  (18)  a  Lyon  ;  il 
semble  qu'un  sommeil  normal  soil  compatible  avec  des 
temperatures  comprises  entre  22  et  25°  ;  au-del^  mais 
surtout  en  de(^  la  privation  de  sommeil  en  resultant  est 
liee  a  une  diminution  de  la  qualite  des  performances 
mentales.  Les  quelques  etudes  realisees  en  altitude 
indiquent  un  accroissement  de  la  iaience 
d’endormissement  mais  une  augmentation  de  la  duree 
lotale  du  sommeil  (19).  Enfin,  le  confort  au  sens  large  du 
terme  est  souligne  par  tous  les  sujets.  La  qualite  du 
couchage  ct  de  I'environnemcnt  psychosocial  influent  sur 
la  motivation  ;  I'experience  de  la  situation  vccuc  par  le 
sujet  ou  par  son  entourage  .semble  jour  un  role  important 
sur  la  qualitd  subjective  du  sommeil. 

Concemant  le  transport  a6ropt)ri6  des  troupes,  le 
sens  dans  lequel  s'cffeciuc  la  rotation  joue  un  role  certain. 
Les  vols  vers  I'Ouesi  paraisscni  mieux  supporids  que  les 
vols  vers  I'Est  (20,  21,  22,  23).  Enfin  I'associalion 
dveniuclle  de  tous  ces  facteurs  avec  ceux  inhdrenus  a  la 
mission  confide  :  difficulld  pariiculidrc  ou  dangcrosild 
dievde  de  la  mission,  ddpart  en  mission  de  nuit,  ou  plus 
prosaiquement  conditions  mdldorologiqucs  ddfavorablcs, 
probldmes  personnels,  dioignement  de  la  famille 
reprdsentent  tout  un  contexte  susceptible  de  pcriurbcr  le 
rythme  veille-sommeil  d  un  combaitant  engagd  dans  un 
conflit. 


En  resume,  les  perturbations  du  rythme  veille- 
sommeil,  et  notammeni  le  franchis.semeni  rapide  de 
plusieurs  fuseaux  horaires,  provoqueni  des  altdralions 
physiologiques  et  subjectives  du  sommeil  se  traduisant 
par  une  baisse  des  performances  et  une  moins  bonne 
efficaciid  opdrationnelle.  (cf  Tableau  n°  2) 


1.  3.  Eiiologie  du  "Jet-Lag" 

La  connaissance  exacte  de  I'diiologie  du  "Jet- 
lag"  est  encore  imparfaite,  cependant  il  est  possible  de 
distinguer  trois  facteurs  essentiels  qui  semblent  elre  a 
I'origine  de  cette  symptomatologie. 

-  La  fatigue  liee  au  voyage.  Elle  n'est  pas  propre  au 
franchissement  des  fuseaux  horaires  puiqu'on  la  rencontre 
aussi  lors  des  vols  Nord-Sud.  Elle  pcui  avoir  de 
nombreuses  origines  comme  les  prdparatifs  du  voyage  ou 
de  la  mission,  le  maintien  prolongd  d'une  position  (meme 
assise),  les  vibrations  mecaniques  dues  au  moyen  de 
transport,  I'ambiance  sonore  inhabituelle,  la  fatigue 
psychique  due  a  I'exciialion  circonstancielle,  etc  ...  (19). 

-  La  privation  de  wmmeil.  Elle  n'est  pas  non  plus 
specifique  aux  vols  transmeridiens.  Cependant,  elle  est 
souvcni  prdsenie  avant  meme  le  depart,  en  raison  du 
temps  passd  a  la  preparation  de  la  mission.  Les 
perturbations  du  rythme  veille-sommeil  dues  aux 
modifications  des  rylhmes  biologiques,  au  confinement, 
aux  aclivii6s  n6cessaires  lors  des  escales  techniques,  etc 
...  (24)  s'accompagnent  de  fa?on  presque  systdmalique 
d'une  delte  plus  ou  moins  importante  de  sommeil. 

-  La  lenteur  et  I'irregulariti  de  I'ajusiemeni  des  rythmes 
endogenes  au  nouveau  fuseau  horaire.  En  effet,  meme  si, 
en  I'absence  de  louie  information  exierne,  lors  des 
experiences  d'isolation  "hors  du  temps",  les  rythmes 
biologiques  persistent  avec  une  pdriode  16g6rement 
diff<5renie  de  24  heures,  la  lumiere  et  les  facteurs  sociaux 
sont  les  synchroniseurs  les  plus  importants.  Cependant, 
tous  les  rylhmes  ne  s'adaptem  pas  avec  la  meme  vitesse 
au  nouvel  horaire.  El  si  subjeclivemeni  quatre  a  cinq 
jours  suffisent  pour  "recup6rer"  une  activii6  normale,  le 
ryihme  de  la  temperature  peul  rester  periurbd  plusieurs 
semaines.  (7,  3) 


2)  UM _ EXEMPLK  DETUDE _ DE  LA 

PERFORMANCE  P.S  YCHQM  OTRICE  AU 

LABORATQIRE 

2.1.  Prescnlalion  de  la  STRES  Battery 

La  baiierie  de  tests  S.T.R.E.S.  (Sundardised 
Tests  for  Research  with  Environmental  Stressors)  a  etd 
eiaborie  par  le  groupe  de  travail  n°12  de  la  Commission 
de  Medccine  Aerospatiale  de  I'AGARD  (25)  pour 
pcrmciire  la  standardisation  de  revaluation  dcs  effets  de 
tout  facteur  de  stress  sur  la  performance.  Cette  batterie  est 
integree  a  I'ensemblc  des  moyens  devaluation  de  la 
vigilance  chez  I'homme  utilise  dans  noire  laboraloire,  et 
comprenani  egalement  des  mesures. 
eiectrophysiologiques,  une  surveillance  mddicale  et 
biologique  el  le  recueil  de  questionnaires  (26).  Elle  est 
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implant^e  sur  micro-ordinateurs  compatibles  IBM  PC  el 
comprend  sqit  tests : 

-  une  lache  de  temps  de  reaction  qui  permet  revaluation 
des  cinq  6tapes  de  traitement  suivantes  :  traitement  de  la 
stimulation  ou  codage,  choix  de  la  rdponse, 
programmation  uc  la  r6ponse  motrice,  activation  motrice 
et  enfin  ex&ution  de  la  reponse.  Les  chiffres  "2  -  3  -  4  - 
5"  sont  ulilis6s  comme  stimulations,  le  sujei  est  invii6  it 
rSpondre  le  plus  rapidement  possible  sans  faire  d'erreurs. 
La  rdponse  depend  do  la  nature  et  do  la  position  sur 
r&ran,  droite  ou  gauche,  du  chiffre  pr6sent6.  Suivani  les 
conditions  exp^rimentales  les  chiffres  apparaissent  sous 
une  forme  normale  ou  ddgradde,  I'intervalle  inter- 
stimulus  est  variable,  ou  bien  la  r6ponse  est  invers6e  ou 
consiste  k  appuyer  sur  trois  touches  successivemeni  au 
lieu  d'une.  Le  temps  de  r6ponse  est  pris  en  compie  ainsi 
que  le  nombre  d'erreurs.  En  cas  d'absence  de  rdponse 
dans  un  d61ai  de  2  sec.,  la  stimulation  suivante  apparait 
apr^s  un  "bip"  sonore  ;  les  non-r<Sponses  sont  dgalemcnt 
comptabilis^s. 

-  une  tache  de  traitement  maihdmaiiquc  qui  permet 
revaluation  des  ressources  des  processus  centraux 
primaires  associds  ^  la  mdmoire  dc  travail.  Le  sujet  doit 
indiquer  si  le  rdsultat  total  d'une  serie  de  trois  operations 
^  un  seul  chiffre  (addition  et/ou  soustraction),  prdsenides 
sur  I'dcran,  est  supdrieur  ou  inferieur  a  S,  en  appuyant  le 
plus  rapidement  possible  sans  faire  d'erreurs,  sur  une 
touche  "rdponse".  Le  temps  de  rdponse  et  le  nombre 
d'erreurs  sont  pris  en  compte.  En  cas  d'absence  de 
rdponse  dans  un  ddlai  de  15  sec.,  la  stimulation  suivante 
apparait  aprds  un  "bip"  sonore  ;  les  non-rdponses  sont 
dgalement  comptabilisdes. 

-  une  tache  de  recherche  en  mdmoire  qui  comprend  les 
dtapes  suivants  ;  ddteclion  et  reconnaissance  du  stimulus 
cible,  recherche  en  mdmoire  et  comparaison,  sdlection  de 
la  rdponse.  Basd  sur  le  paradigme  ddcrit  par  Sternberg 
(27),  ce  test  consiste  h  mdmoriser  deux  ou  quairc  Ictlrcs, 
puis  ^  dire  si  chaque  lettre  cible  apparaissant  au  centre  de 
i'dcran  fail  partie  de  celles  qui  oni  did  memorisdes,  en 
appuyant  le  plus  rapidement  possible  et  sans  faire 
d'erreurs  sur  la  louche  "rdponse"  correspondanie.  Le 
temps  de  rdponse  et  le  nombre  d'erreurs  sont  pris  en 
compte.  En  cas  d'absence  de  rdponse  dans  un  ddlai  de  5 
sec.,  la  stimulation  suivante  apparait  apres  un  "bip" 
sonore  ;  les  non-rdponses  sont  dgalemcnt  comptabilisdes. 

-  une  tache  de  traitement  spatial  qui  correspond  a  une 
mesure  des  capaciids  de  la  mdmoire  visucllc  a  court 
terme.  A  chaque  essai,  le  sujet  doit  comparer  un 
histogramme  "rdfdrence  "  de  qualre  barres  (appcld  1), 
prdsentd  horizontalement,  et  un  histogramme  "test" 
(appeld  2),  ayant  subi  une  rotation  de  90  ou  270  degrds 
apparaissant  successivemeni  au  centre  de  I'dcran  et  dire 
s'iis  sont  identiques  ou  non,  sans  tenir  compte  de 
I'orientation.  Le  temps  de  rdponse  et  le  nombre  d'erreurs 
sont  pris  en  compte.  En  cas  d'absence  de  rdponse  dans  un 
ddlais  de  IS  secondes,  la  stimulation  suivante  apparait 
aprds  un  "bip"  sonore  ;  les  non-rdponses  sont  dgalemcnt 
comptabilis^s. 

-  une  t^he  de  poursuiie  destinde  d  mesurer  les  ressources 
utilisdes  dans  I'exdcution  d'une  idche  de  conirole  manuci 
continu.  Le  sujet  doit  d  I'aide  d'un  "joy-stick"  mainicnir 
un  curseur  au  centre  d'une  cible  fixe  et  dvitcr  auumi  que 
possible  que  le  curseur  ddpasse  les  limiies,  gauche  et 
droite,  de  la  cible  ce  qui  est  qualifid  dc  pcrie  dc  conu'die. 


Un  indice  de  ddviaiion  du  curseur  par  rapport  au  centre 
de  la  cible  est  calculd  (il  s'agit  de  la  racine  carrde  de  la 
moyenne  des  dcaris  mesurds  touie  les  secondes)  et  le 
nombre  de  perte  de  controle  est  comptabilise. 

-  une  tache  de  raisonnement  grammatical  qui  mesure 
I'habiletd  d  manipuler  des  informations  grammaiicales  en 
uiilisant  la  mdmoire  de  travail.  Trois  phrases  superposdes 
sont  affichdes  au  centre  de  I'dcran.  Les  deux  premieres 
phrases  ddcriveni  chacune  I'ordre  de  deux  symboles.  L'un 
de  ces  symboles  est  commun  aux  deux  expressions  alors 
que  les  deux  autfes  symboles  sont  difterenis  d'une  phrase 
d  I'autre.  Le  sujet  doit  vdrifier  la  veracite  de  ces  deux 
phrases  par  rapport  d  I'ordre  dans  lequel  ces  trois 
symboles  sont  prdsentds  sur  la  troisidme  ligne.  Deux 
rdponses  sont  aitendues  :  soil  les  deux  phiases  sont 
identiques,  vraies  ou  fausses  toutes  les  deux,  soil  elles 
sont  diffdrentes,  I'une  vraie  I'autre  fausse.  Le  temps  de 
rdponse  et  le  nombre  d'erreurs  sont  pris  en  compte.  En 
cas  d'absence  de  reponse  dans  un  ddlai  de  15  sec.,  la 
stimulation  suivante  apparait  apres  un  "bip"  sonore  ;  les 
non-reponses  sont  dgalement  comptabilisdes. 

-  une  double-tachc,  combinani  I’exdcution  siimuliandc  de 
la  tache  de  poursuiie  et  de  la  tache  de  recherche  en 
mdmoire,  qui  permet  la  mesure  des  capacitds  d'atieniion 
divisdes.  Les  donnees  recueillies  sont  I’indice  de 
ddviaiion  du  curseur  par  rapport  au  centre  de  la  cible  et  le 
nombre  de  perte  de  conirole  pour  la  poursuiie,  le  temps 
de  rdponse,  le  nombre  d'erreurs  et  de  non-rdponses  pour 
la  tache  de  recherche  en  mdmoire. 

L'uiilisation  de  la  "STRES  battery"  ne  pose  pas 
de  probicmes  majeurs.  Elle  compone  ndanmoins  un 
certain  nombre  de  contraintes  lidcs  a  la  ndcessitd  de 
standardisation.  Le  materiel  uiilisd  doit  repondre  a  des 
specifications  techniques  prdcises  conccrnani  I'dcran 
(definition  dc  I'image),  le  clavier  (position  des  touches 
rdponse)  et  le  joy-stick  (laille  deiermindc).  Le 
ddroulemeni  des  tests  doit  se  faire  dans  des  conditions 
bien  ddfinies  ;  disuuice  cl  hauteur  du  sujet  par  rapport  a 
I'dcran,  position  des  doigis  sur  les  touches,  et  surtout  dans 
un  environnement  suible  et  controld,  du  point  de  vue  de 
I’ambiance  lumineuse  ci  sonore.  Le  temps  de  passage  de 
I’ensemble  des  sept  tests  est  de  I’ordre  de  50  minutes,  et 
dans  la  mesure  oil  du  maidriel  idcniique  est  disponible,  et 
ou  les  locaux  le  permeiteni,  plusieurs  sujets  peuveni  eire 
lesids  dans  une  memc  sdance.  Enfin,  tout  enregisirement 
cxpdrimcnial  doit  circ  prdeedd  d'une  phase  de 
demonstration  et  d'appreniissagc  indispensable  pour 
obienir  un  niveau  de  performance  sutble. 

2.2.  Application  h  deux  protocoles  expdrimentaux  de 
privation  de  sommeil 

La  "STRES  Battery"  a  ainsi  did  mise  en  oeuvre 
notammeni  dans  deux  dludes  dcsiindes  ^  dvalucr  les  effeis 
de  perturbations  du  ryihme  veillc-sommeil  sur  la 
performance. 

2.2.1 .  Privation  dc  sommeil  dc  60  heures 

Cette  dlude  a  did  rdalisde  pour  dtudicr  les  effeis 
d’une  privation  de  sommeil  de  longue  durdc  sur  le  niveau 
dc  performance.  Huii  sujets  voloniaires,  de  sexe 
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masculin.  ages  de  22  a  31  ans,  oni  pariicipc  a 
rexperience.  Tous  oni  dte  soumis  a  un  examcn  cliniquc 
complet  avant  dctre  scleciionnes.  lls  oni  donnc  leur 
consentemeni  6clair6  scion  la  convention  d’Hclsinki. 

Le  protocole  expdrimenial  cst  Ic  suivant : 

Apres  rapprcnlissage  dcs  tests,  Ics  sujeis  ont  clTeciuc  une 
serie  d'enregistrements  i6moins  h  3  heurcs,  9  hcurcs  cl  17 
heures  sans  privation  de  sommeil. 

Les  sujets  sont  pris  en  charge  Ic  lundi  cn  fin  do 
journee.  La  privation  de  sommeil  commence  le  mardi 
matin  aprfes  une  nuii  normalc  (lever  a  7  heurcs).  Pendant 
touie  la  durec  de  la  privation  de  sommeil  les  sujets  sont 
soumis  periodiquement  a  I'cnsemble  dcs  mesurcs  (MSLT, 
questionnaires,  examcns  cliniqucs  et  tests 
psychomoteurs).  Entre  temps  ils  sont  maintenus  eveilles 
par  les  experimentaieurs  et  occupcs  a  dcs  activitcs 
diverses.  La  premiere  session  d'enregistrcmcnt  dcs  tests 
psychomoteurs  a  lieu  le  mardi  a  17  heures,  c'est-a-dire  a 
la  fin  d'une  joumde  normalc  d'cvcil.  Les  cnrcgisircmcnis 
des  tests  ont  ensuite  lieu  selon  le  calcndricr  suivant : 

durec  de  privation  dc  .sommeil 


mercredi 

3  heures 

2(1  heures 

9  heures 

26  heurcs 

1 7  hcurcs 

.34  hcurcs 

jeudi 

3  hcurcs 

44  hcurcs 

9  hcurcs 

50  heurcs 

1 7  heures 

58  heurcs 

vendredi 

17  heures  apres  une  nuit  dc  recuperation 

Tous  les  rdsultats  ont  eie  iraiies  par  analyse  dc 
variance  avec  mesures  r6pet6es  (ANOVA). 

Globalement,  on  observe  une  degradation  dc  la 
performance  cn  fonction  de  la  durec  de  la  privation  de 
sommeil.  Cependant  cettc  evolution  n'est  pas  la  memc 
pour  toutes  les  taches.  La  degradation  peut  cire  plus  ou 
moins  importanie  et  apparaltrc  plus  ou  moins  tot  au  cours 
de  rexp<5rience  (28).  La  tachc  de  temps  de  reaction  cst 
peu  sensible  alors  que  Ics  laches  dc  poursuiio,  dc 
iraitcmcnt  mathdmatique  cl  spatial,  ct  dc  rai.sonncmcni 
grammatical  sont  tres  pcriurbccs  par  la  privation  dc 
sommeil.  Dans  le  raisonnement  grammatical,  revolution 
de  la  degradation  cst  rcgulierc  au  cours  de  la  privation  dc 
sommeil  des  la  premiere  nuit  sans  sommeil.  Alors  que 
dans  le  iraiiemeni  spatial  cciic  degradation  n'apparait 
qu'a  partir  de  26  hcurcs  de  privation  dc  .sommeil  ct  .sc 
traduit  par  un  allongemcni  dcs  temps  dc  reponse  combine 
a  une  augmentation  des  laux  d'erreurs  et  prcscnic  dc  plus 
une  evolution  cyclique  (13).  Enfin,  dans  la  doubic-tachc, 
poursuite  et  recherche  en  memoire  sont  egalcmcni 
perturbdes  dfes  la  premiere  session  dc  03  hcurcs. 

Les  taches  dc  poursuite,  trailcmcni 
maih6malique  ct  recherche  cn  rndmoirc  (quairc  Icttrcs) 
representent  des  exemples  caractdrisiiques  dc  revolution 
des  performances  observee  durani  les  soixantc  hcurcs  dc 
privation  de  sommeil.  Duns  le  test  dc  poursuite,  la 
performance  se  ddgrade  d6s  la  premiere  sdance  dc  03 
heures  (figure  1).  I'ecart  ^  la  cible  augmentc  rapidcmcni 
Cl  s’accompagne  d'un  nombre  important  dc  pertes  dc 
contr61e,  indices  dc  I'apparition  dc  "micro-sommeils" 
(29),  aprts  44  heures  dc  privation  dc  sommeil. 

La  degradation  apparait  un  peu  plus  lard,  soil 
aprfes  26  heures  de  privation  dc  .sommeil  pour  la  tachc  dc 
traitement  maihematiquc  (figure  2)  qui  presente  un 


allongemcni  regulier  dcs  temps  dc  reponse  sans 
augmentation  du  nombre  d'erreurs. 

La  recherche  cn  memoire  cst  egalcmciu  affcctcc 
par  unc  privation  de  sommeil  dc  26  hcurcs, 
particuliercmeni  dans  le  cas  dc  la  memorisation  dc  quairc 
Iciircs  (figure  3),  ccci  se  traduit  surtoul  par  une 
augmentation  imponantc  du  nombre  d'erreurs. 

2.2.2.  Perturbations  du  rythme  vcille-sominci)  avee 
privation  limiiee  de  sommeil  (2  fois  27  hcurcs),  intcrei  dc 
la  prise  d'un  "NAP " 

Les  rcsultals  obtenus  dans  rcxpcrimcniaiion 
prc.senice  preccdcmmeni  ont  mis  cn  evidence  Ics  clTeis 
nefastes  d'une  privation  de  sommeil  dc  longue  durec  sur 
la  performance  psychomniricc.  Mais  ccs  conditions 
reprcscnicni  un  cas  extreme  que  I'on  nc  rencontre  que  dc 
fa^on  cxceplionnclle  en  acronaulique.  L'cxpcrimcniaiion 
suivanic  a  done  etc  rcaliscc,  dans  Ic  cadre  d'une 
cooperation  Franco- Americainc,  pour  ciudicr  I'cvolution 
dc  la  performance  psychomoiricc  dans  dcs  conditions 
simulant  une  situation  opcrationnellc  comportant  la  prise 
d'un  "nap"  diurnc. 

La  situation  choisic  correspond  a  la  preparation 
dc  missions  acriennes  classiques  d'attaque  a  longue 
distance.  Cc  proiocolc  a  etc  mis  au  point  par  Ic 
laboratoirc  dc  I'US  Navy  (N.AMRL  de  Pcn.sacola)  pour 
cvalucr  les  moyens  a  metirc  cn  oeuvre  pour  mainicnir  les 
piloics  dans  un  eiai  de  performance  optimum. 
L'expcrimcntauon  sc  dcroulc  sur  irois  jours  et  deux  nuits. 
Elle  consisie  cn  deux  pcriodcs  dc  27  heures  dc  privation 
de  sommeil  .sdparces  par  une  phase  de  sommeil  diurnc  dc 
6  hcurcs.  Durant  les  phases  "optiralionnelles"  de  27 
hcurcs  les  sujeis  sont  maintenus  eveill6s  et  soumis  a 
differents  examcns  :  cliniqucs,  clccirophysiologiqucs  et 
questionnaires. 

Huii  sujets  volontaircs  sains  ont  participe  a 
rcxpcrimcnlation.  Ils  sont  ages  de  28  a  47  ans.  Tous  ont 
etc  .soumis  a  un  examen  cliniquc  complet  avant  d'etre 
.sclcctionnes  ct  ont  donnc  Icur  consemcment  cclaire  scion 
la  convention  d'Hclsinki. 

Lc  proiocolc  cst  le  suivant : 

Apres  la  phase  d'apprentissage,  I'cnrcgistrcmcni  dcs  tests 
s'csl  dcroule  dc  la  fai,'on  suivanic  : 

-  nuit  normalc  icmoin  (dc  lundi  soir  a  mardi  matin  6 
hcurcs) 

-  preparation  du  plan  de  vol  n"^  1  :  durce  9  hcurcs 

*  mardi  8  hcurcs  :  tests  psychomoteurs 

*  mardi  13  hcurcs  :  icsLs  psychomoteurs 

-  repos  .sans  sommeil  de  15  hcurcs  a  19  hcurcs  (activitcs 
diverses) 

-  rdalisaiion  de  la  lore  mission  :  durde  14  hcurcs 

mardi  21  hcurcs  :  tests  psychomoteurs 
•  .sommeil  dc  9  heurcs  h  1 5  hcurcs 

-  pidparaiion  du  plan  de  vol  n°2  :  durce  9  heures 

*  mcrcrcdi  1 7  hcurcs  ;  tests  psychomoteurs 
mercredi  22  heurcs  ;  tests  psychomoteurs 

-  repos  sans  sommeil  de  24  heures  a  4  hcurcs  du  matin 
(aciiviids  diverses) 

-  rdalisaiion  de  la  2tmc  mi.ssion  :  durdc  14  hcurcs 

*  jcudi  6  hcurcs :  tests  psychomoteurs 

*  jeudi  12  hcurcs  :  tests  psychomoteurs 
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-  nuit  de  recuperation  (de  jcudi  19  heurcs  a  vendredi  6 
heures) 

♦  vendredi  8  heures  :  tests  psychotnoteurs 

Les  r6sultats  oni  <5i6  traites  par  analyse  de 
variance  avec  mesures  repctccs  (ANOVA). 

Cette  experimentation  a  permis  d'evaluer  les 
effets  d'une  privation  de  sommeil  limiice  sur  la 
performance  psychomotrice.  Les  tests  ne  soni  pas  lous 
aussi  sensibles  ^  ces  conditions.  Les  rdsultats  obtenus 
pendant  les  premieres  27  heures  d'dveil  soni  comparables 
^  ceux  de  I'experimentation  prdeddente  pour  les  memes 
durdes  de  privation.  Par  contre,  pendant  la  deuxitme 
phase  de  rexperimentation,  c'est-Ji-dirc  apres  la  periode 
de  sommeil  diume,  revolution  de  la  performance  n'a  plus 
du  tout  la  meme  allure.  Ceci  est  surtout  visible  pour  les 
taches  les  plus  sensibles  a  la  privation  de  sommeil  telles 
que  le  traitement  mathematique,  la  poursuitc  instable,  le 
traitement  rp^'nl,  la  recherche  cn  inemoire  ci  la  double 
tache.  Pour  la  poursuitc  par  excinplc  (figure  4)  on 
observe  une  augmentation  imporlantc  de  I’indicc  dc 
deviation  aux  seances  dc  mcrcrcdi  4  heures  cl  jcudi  12 
heures  qui  se  situcnl  h  la  fin  dcs  deux  pcriodcs  d’cvcil  dc 
27  heures.  Cette  deterioration  du  niveau  dc  rajustement 
visuo-moteur  s'accompagne  cgalcincnt  d'une 
augmentation  du  nombre  moyen  dc  penes  dc  conirolc. 
Apres  la  periode  de  sommeil  diurne,  la  performance 
reirouve  un  niveau  prochc  de  cclui  du  debut  dc 
I'experimentation  avec,  en  parliculicr,  la  dispariiion  dcs 
penes  de  conirole.  Cette  amelioration  apres  la  [lericKlc  dc 
sommeil  est  identique  pour  I'cnscmblc  dcs  laches 
periurbecs  par  la  privation  dc  sommeil. 

Ainsi,  cn  depil  dc  la  place  dcfavorablc  qu'il 
occupe  dans  le  nycthemcrc  I'interci  du  "NAP"  csl  loin 
d'etre  negligeabic  puisqu'il  permet  la  recuperation  dcs 
performances  degradees. 

2.3  En  resume 

L'utilisaiion  de  la  batteric  dc  tests  STRES 
s'inscrii  dans  une  demarche  desiincc  a  caracicriscr  dc 
fa?on  plus  precise  les  effets  de  differcnis  factcurs  dc 
stress  sur  la  performance.  En  cffci,  I'analysc  dc 
nombreuses  etudes  a  monire  que  la  prise  cn  coinptc  d'une 
scule  tache,  malgre  les  diflcrcnis  mcsurcs  cITccluccs 
(temps  de  repon.se,  nombre  d'erreurs,  non-rcponscs), 
coiistilue  une  approchc  limiice  nc  pcrmcitani  pas  dc 
decrire  le  fonctionnement  du  sysiimc  dc  traiicincni  dc 
I'information  humainc  dans  les  differcntcs  conditions 
tesiees.  La  prise  cn  compic  dc  plusicurs  laches 
slandardisecs  foumii  par  contre  un  ensemble  d'indicaicurs 
qui  rcfietent  de  fa^on  plus  precise  la  nature  dcs 
changements  survenus  dans  le  sysicmc  cl  facilitc  les 
comparaisons. 

Les  resultals  obtenus  au  laboratoirc  dans  la 
simulation  de  differcnis  conicxics  opcrationncis 
confirment  .sa  fiabiliie  ct  sa  validiie  ainsi  que  la  scnsibiliic 
specifique  dc  chacun  dcs  tests  qui  la  composciu.  Dc  plus 
sa  souplessc  d’ulilisation  fait  dc  ccitc  batteric  un 
insaumcnl  performani  d  evaluation  dcs  modifications  dc 
retat  mental  du  sujet,  dont  les  resultats  pourront  bicniot 
etre  consultds  par  plusicurs  laboratoircs  grace  il  la 
constitution  d'une  banque  dc  donnecs. 


3)  SOLUliQN.S  HABi  l  uELLEiViKNl 
PRKCONISEES  PQLR  RKDUIRK  LES  EFFETS  DU 
"lET-LAG" 

De  nombreuses  recommandations  concernant  a 
la  fois  les  aspects  ergonomiques,  physiologiques  ou 
pharmacologiques  ont  eie  formulces,  void  une  listc  non 
exhaustive  de  ceriaines  d'entre  dies  parmi  les  plus 
souvent  reirouvecs  dans  la  liilcraiurc. 

3.  1.  Pennition  d'une  charge  de  travail  maximalc 

Plusicurs  travaux,  notammcni  ceux  de 
NICHOLSON  (11)  ont  preconise  la  determination  d'une 
charge  de  travail  compatible  avec  un  rythmc  de  sommeil 
acceptable  au  cours  d'operations  aeriennes  a  long  terme. 
C'csi  ainsi  que  les  temps  de  service  compatibles  avec  un 
modclc  dc  sommeil  acceptable  dcvraicnt  ctre  lies  de 
fatjOn  logariihmiquc  avec  le  nombre  de  jours  dc  travail  (cl 
figure  5). 

Dans  cc  meme  travail,  il  est  precise  que  la 
moyenne  du  temps  de  sommeil  par  24  heures  pour  les 
irois  jours  prcccdani  un  vol  ne  doit  pas  cire  inferieure  a  6 
heurcs  15  minutes  pour  le  premier  piloie  et  5  heures  5.3 
minutes  pour  le  second. 

En  realilc,  lors  dc  conlliis  reels,  cclie  charge  dc 
travail  est  toujours  depasscc  et  le  nombre  d'hcurcs  dc 
sommeil  jamais  attcint  (cxcmplc  de  la  Guerre  de 
fAtlantiquc  Sud  cn  avril  1982)  (30).). 

3.  2.  Le  double  cguipagi; 

Lors  dc  vols  dc  longue  durce,  la  mise  en  place 
d  un  equipage  double,  en  permettant  des  pcriodcs  dc 
sommeil  suffisantes  en  vol,  autorise  la  realisation  dc 
missions  de  deux  jours  dans  des  conditions  optimales 
(31). 

3.  3.  Synchronisation  avant  Ic  vol 

Une  modification  progressive  des  heures  de 
sommeil  dans  les  jours  prcccdant  la  mission  est 
rccommandcc  par  certains  auteurs  (32).  Ils  proposent  dc 
changer  I'horaire  habituel  d  une  heurc  par  jour  en 
avaneant  I'hcurc  du  eoueher  et  du  lever  si  Ic  voyage  doit 
sc  lairc  vers  I'Est,  ou  en  retardant  ces  horaircs  si  Ic 
voyage  pr6vu  sc  fait  vers  I'Ouest.  Mais  cettc  strategic 
prd.scntc  deux  inconvenients  majeurs.  D'une  part,  cllc 
ncccssitc  autant  de  jours  que  dc  fu.scaux  traverses,  done 
dc  coinmcnccr  plusicurs  jours  avant  Ic  depart,  cc  qui  est 
gdii^ralcmcnt  incompatible  avec  la  vie  socialc  ct 
profcssionncllc  du  sujet.  D'autre  part  cllc  risque  d'induirc 
Ic  "jet-lag"  avant  meme  Ic  debut  du  voyage,  cc  qui  n  est 
pas  Ic  but  rcchcrehi?, 

3.  4.  Rcnlorccment  dcs  svnchroniscurs  stKiaux 

A  c6t6  de  la  synchronisation  dcs  difidrents 
rythmes  cndogincs,  dc  I'organisme  par  les  synchroniscurs 
cxterncs,  comme  I'altcrnancc  lumi(;rc-obscuritd,  les 
factcurs  sociaux  joucraient  cgalcmcnt  un  role  tres 
important.  C'cst  it  partir  dc  cettc  consultation  que  certains 
auteurs  (33)  ont  prdconi.sc  dc  mettre  rapidement  sa 


rridnire  a  i'hcure  d'arrivcc  alin  dc  sc  synchroniser  Ic  plus 
vito  possible  apres  Ic  decollagc.  La  periodc  dcs  repas  cl 
ccllc  du  sommcil  devant  circ  calquce  sur  celle  du  lieu  dc 
destination. 

Par  ailleurs,  KLEIN  et  WEGMAN  (.34)  ayaiU 
constate  que  Ics  sujets  qui  restent  coniines  dans  Icurs 
hotels  s'adaptcnt  plus  Icntcinent  que  ceux  qui  s’aventurent 
au  dehors,  ces  auteurs  cncouragent  Ics  voyageurs  a 
s'exposcr  a  I'environncmcnt  social  ct  au  cycle  jour/nuit  de 
Icur  lieu  de  destination  dcs  Icur  arrivcc. 

3.  5.  La  photothcrapie 

Lcs  relations  cxistant  d'unc  part  entre  ccrtaincs 
pathologies  psychiatriques,  comme  Ic  syndrome  maniaco- 
depressif,  et  la  privation  dc  sommcil  ou  recluirement 
conirolc,  et  d'autre  part  entre  pcriodcs  d'cclairemcnt  ct 
secretion  dc  melatonine  (voir  plus  loin)  ont  conduit  a 
s'intercsscr  a  la  photothcrapie  pour  reduire  lcs  eKcts  du 
jet-lag.  II  apparait  ainsi  que  Texposition  rclativcment 
prolongee  (5  heures)  a  unc  lumicrc  vive  (>  2(K)()  lux) 
peut  aider  a  resynchroniscr  lcs  rythines  biologiques, 
temperature  et  rythme  veillc-sommeil  nouimmcnt  (35, 
36). 

3.  6.  La  orise  dc  petiLs  sommes  (ou  naps) 

Si  Ics  circonsianccs  (operationnelles  ou  autres)  Ic 
pcrmettcni,  la  prise  d'un  petit  somme  d'unc  durcc 
minimum  dc  10  (i  20  minutes  peut  reprcsenier  unc 
strategic  prccicusc  pour  rccuitcrer  ct  ameliorer  .son  niveau 
dc  vigilance  pour  un  temps  domic  (21,  34,  37). 
GRAEBER  cl  al.  (ref.  38)  recommande  la  prise  de 
sommes  a  bord,  cn  montrant  que  dcs  sommes  repeies  de 
20  minutes  favori.scnt  la  rccu()craiion  dcs  (x.'rt'ormances  et 
le  comportcmcni  psychologiquc. 

En  revanche,  il  faui  cgalemem  ;:avoir  qu'il  exisie 
a  Tissue  dc  la  phase  dc  petit  somme  unc  periodc  dite 
inertiellc  post-sommcil  d'unc  durcc  approximative  de  dix 
minutes,  pendant  laqucllc  lcs  perrormances  sont 
dcgradccs.  (39).  Dc  plus,  Ics  sommes  realisees  dcs 
Tarrivdc  peuvent,  notamment  s'ils  sont  trop  longs, 
conduirc  a  une  exageration  dcs  diiriculics 
d'cndormisscmciu  le  soir  et  peuvent  inierTerer  avee  la 
continuitc  du  sommcil.  (32), 

3.  7.  La  dict6tiquc 

Certains  programmes  dc  "luttc  coiilrc  Ic  jct-lag" 
comptent  de  multiples  Tactcurs  de  synchronisation  doni  la 
dietdtique.  La  composantc  principale  de  cetie  strategic 
consistc  (i  programmer  dcs  joumiJes  alternees  avec  regime 
riche  puis  pauvre  cn  calories,  lcs  pctils-dejeuners  et 
dejeuners  dtant  riches  cn  proteiiies  cl  lcs  repas  du  soir 
riches  cn  hydrates  dc  carbonc.  Lcs  repas  riches  en 
prot(5incs,  6tani  senses  augmenter  la  vigilance  en 
stimulant  Ics  sysicmes  adrenergiques  el  lcs  repas  riches 
cn  hydrates  dc  carbonc  devant  au  contrairc  laciliter  Ic 
sommcil.  (40). 

Lcs  rdsultats  n'ont  ccpciidaiit  pas  etc  rcirotivcs 
lors  d'cxpdrimcntations  realisees  au  laboratoire  pai 
d'autres  dquipcs.  (41). 


3.  8,  L'exercice  physique 

Quclqucs  etudes  realisees  d'ahord  die/  Tanimal 
(42)  puis  chez  Thomme  (43)  amcnaient  a  penser  que  dcs 
cxcrciccs  physiques  dc  type  aerobic  faciliieraicnt  la 
rcsynchronisation  des  rythmes  biologiques. 

Cependant  Tintrication  de  plusieurs  parainetrcs 
comme  Texposition  a  la  lumicrc,  Theurc  a  iaquelle  est 
realise  cct  cxcrcicc  ct  Tenthousiasme  suscitc  pour  cettc 
mciliodc,  I'oni  qu’il  est  dilTicilc  dc  connaiue  TcHci  reel  dc 
l'exercice  physique  sur  lcs  cTfeUs  du  "jet-lag". 

3,  9.  Divers 

A  titre  anccdotiquc,  unc  technique  dc 
manipulation  dcs  rythmes  circadiens,  dilTicilcmcnt 
applicable  tant  pour  le  touriste  quo  pour  le  militairc  cn 
operation,  mais  intcrcssant  sur  le  plan  dc  la  recherche, 
consistc  a  provcquer  un  changcineni  dc  periodc  cndogenc 
du  rythme  circadien  de  la  temperature  coqiorelle  de  rats 
en  I'aisaiu  varicr  le  factcur  graviie,  Cette  variation  est 
obienuc  par  des  accelerations  quolidiennes  d  une  heurc, 
des  rats,  cn  ccntrifugeusc.  (44). 

3.  10.  AnnrcKhe  pharmacoloeiuue  :  la  cafenne 

En  raison  dc  sa  consoinination  tres  importante 
dans  le  monde,  le  calc,  habitude  alimentaire,  peut  aussi 
etre  administre  comme  stimulant  dc  la  vigilance  ct  a  ce 
liuc  avoir  un  role  dans  la  lutte  contre  le  jct-lag.  En  elTet,  it 
cote  des  possibles  el'I'ets  dc  tolerance  dus  it  unc  prise 
chronique  dc  cal'c,  la  cat'eme  augmentc  la  vigilance 
auditive  et  visuclle  et  peut  permeiirc  lors  d'unc 
administration  uirdive  dc  retarder  I'cndormissemcnt,  mais 
son  cTI'ei  sur  la  resynchronisaiion  dcs  rythmes  reste 
limitc.  (45,  46,  47). 

Piu  ailleurs,  il  Taut  garder  ii  I'esprit  qu'a  con'  des 
eTl'eis  principaux  de  la  prise  de  calcine  que  sont  la 
stimulation  dc  la  vigilance,  la  reduction  de  la  sensation  dc 
fatigue  et  Timpression  de  favoriser  les  activites 
cognitives,  il  cxiste  dc  nombreux  cITets  sccondaires  dont 
Tintensite  est  fonction  dc  la  dose  ingcrec  ct  du  sujci  qui  la 
reyoit,  II  s'agit  d'arythmics  cardiaques,  d'une 
augmentation  de  la  diurese,  de  Tapparition  de 
iremblemcnis,  d'hypercsthcsics,  de  troubles  dc  la 
jHirception,  de  nausccs,  dc  vomissements  ct  de  troubles 
convulsils  il  doses  loxiqucs. 


3. 1 1 .  Aoproche  pluu-macoloeiuue  :  les  Bcn/.odia/epines 

Les  hypnoiiques  et  plus  particulicrement  les 
benzodiazepines  licnncnt  une  place  importante 
esseniicllcnicnt  pour  deux  raisons.  D  une  part,  ils 
presement  un  nombre  dc  specialilcs  pharmaceutiques 
eleve  et  sont,  du  moins  cn  France,  Ics  medicaments  lcs 
[ilus  consommes.  D’autre  part,  ils  som  Ics  premiers  ii  fairc 
partie  dc  la  strategic  pharmacologique  d'induction  de 
sommcil  en  situation  operationnellc.  L'utilisation 
d'hypnotiques  de  type  benzodiazepine  pour  facilitcr  Ic 
sommcil  lors  dc  pcriodcs  de  repos  choisies  a  trouve  unc 
application  lors  du  conflit  dc  I'Atlantiquc  Sud  en  avril 
1982  (30)  pendant  lequel  des  pilotes  d'Hcrculc  prenaient 
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20  mg  de  Temazepam  (NORMISONR)  pour  provoquer 
un  sommeil  &  I’occasion  dcs  pdriodes  de  repos  dc  8  heures 
separant  deux  missions  de  vols  de  longue  durcc  (25 
heures).  En  d6pit  de  quelques  rcsuliais  inicressanis.  les 
benzodiazepines  induiseni  le  sommeil  mais  ne 
resynchronisent  pas  forcement  les  ryihmes  cireadiens. 
(48,49,  50,51,52,53,  54). 

II  est  done  possible  d'utiliser  les  benzodiazepines 
lors  de  situations  operationnelles  mais  le  sommeil  induit 
presente  un  aceroissement  du  sommeil  lent  Icger  (SI  et 
S2)  ainsi  qu'une  reduction  du  sommeil  lent  prol'oud  (S3  ct 
S4)  et  du  sommeil  paradoxal.  Par  ailleurs,  la  presence 
toujours  possible  d'effets  sccondaires  comme  I'apparition 
de  lassitude,  une  augmentation  du  temps  dc  reaction,  unc 
incoordination  motrice,  un  etat  dc  confusion  ou 
d'cxcitation  paradoxale,  dcs  cephaldcs,  dcs  vertiges,  dcs 
nausdes  ct  d’une  amnesic  anterograde,  pcnaliscnt 
lourdement  une  administration  dc  type  chronique. 
L’apparition  sur  le  marche  dc  nouvcilcs  molecules 
hypnotiques  non  bcnzodiazcpiniques,  pourrait 
avantageusement  rcmplaccr  les  benzodiazepines.  (52). 

3.  12.  Anproche  pharmacologitiue  :  la  mclaionine 

La  tentation  d'uliliscr  cettc  substance  indolique, 
derive  mcthoxyie  et  N-aceiyle  dc  la  scroU)nme,  sccrctec 
par  la  glande  pinealc  on  fonciion  dc  I'altcrnance  lumiere 
obscurite,  est  grande  en  raison  dc  .son  intricaiion  dans  la 
rythmicite  circadienne.  (55). 

Au  niveau  dcs  problcmcs  dc  chronobiologic  en 
milieu  aeronautique,  I'administration  dc  meiatonine  a  ete 
tentee  dans  le  but  dc  reduirc  ou  supprimer  les  clici.s  dc  la 
desynchronisation  engendres  par  le  franchissement  rapidc 
et  repeie  de  plusicurs  fuseaux  horaires.  II  est  ainsi  apparu 
que  la  meiatonine  acceicre  le  rcajustement  de  I'horlogc 
biologique  (56,  57,  58).  Les  symptomes  du  "jet-lag'' 
scmblent  subjectivement  mieux  supjxirtes  lors  dc  la  prise 
de  5  mg  de  meiatonine  au  couchcr.  Cependani,  en  depit 
dc  CCS  rcsultats  intercssants,  suit  on  situation  rcclle  de 
vols  transmeridiens  a  partir  de  quesiuinnaires,  soit  en 
laboratoirc  lors  dc  simulations,  quelques  rcsultats  moins 
convainquant  subsistcni,  comme  I'crrct  placebo  aussi 
efficace  que  le  traitement  dans  40  %  dcs  cas  (59)  ou  chez. 
1  sujet  sur  8  robiention  par  le  traitement  d  un  cITci 
oppose,  e'est-a-dire  un  raicntissement  dc  la  vitessc  dc 
rcsynchronisation  dcs  parametres  mesures  (tenqicraiurc, 
secretions  hormonalcs, ..,)  (60). 

Cette  apprexhe  pharmacologique  rcste  cependant 
intcres.santc  ct  dc  nombreu.scs  etudes  soni  poursuivics  tant 
au  niveau  des  do.scs  dc  meiatonine  administrecs  que  du 
moment  dc  I'ingestion. 

4)  LINE  AUTRE  HYPOTHESE  WKC  UNK 
NOUVELLE  SLBSTANC  E 

4.  1 .  Approchc  nharmacologiauc  :  I'hypothesc 

En  r  ab.scncc  dc  toutc  information  externe,  lors 
dcs  experiences  d'isolcmcnt  tcmporcls,  les  ryihmes 
biologiqucs  persistent  avee  unc  pdriode  Icgeremcnt 
differente  de  24  heures.  On  a  ainsi  demontre  rcxistcncc 
d'un  systeme  actif  dc  synchronisation  interne,  qui  exclut 
que  les  rythmes  biologiqucs  nc  soient  que  des  reponscs 


passives  a  dcs  stimuli  cxterncs  comme  I'alternancc 
lumicrc-obscurite. 

L'horlogc  interne  de  fhomme  a  une  pdriodicite 
habituellcment  superieure  a  24  heures,  mais  restant  de 
I'ordre  circadien.  L'horlogc  interne  peut  s'ajuster  chaque 
Jour,  en  fonction  de  stimuli  venant  de  I'environnement, 
mais  seulcment  dans  certaines  limites.  De  plus,  cette 
adaptation  est  asymdtriquc.  II  est  en  effet  plus  facile  de 
retarder  le  cycle  veille-sommcil,  en  restant  cvcillc  plus 
longtemps  et  en  dormant  plus  tard  (comme  lors  d'un 
voyage  vers  I'oucst),  que  dc  I'avancer,  comme  lors  d'un 
voyage  vers  I'Est.  Cette  asymetric  est  probablcment  due  a 
la  lentcur  relative  de  l'horlogc  interne,  dont  la  pcriodicite 
c.st  Icgferement  sup6rieure  h  24  heures.  (33,  21).  Jusqu'i 
present  le  maintien  d'un  eveil  de  bonne  qualite  n'etant 
possible  qu'en  utilisant  des  substances  amphetaminiques 
aux  effets  sccondaires  tr6s  pcnalisants. 

En  effet  si  les  amphetamines  accroissent  le  tonus 
gcndral  de  la  vigilance  ct  les  performances 
psychomotrices,  avec  un  etat  d'cuphoric  (61),  dies 
peuvent  cgalcmcnt  provoquer  dc  I'anxietc,  unc  tendance  a 
I'isolcmcnt  social,  unc  exacerbation  dcs  signes 
piiranoidcs,  dcs  conduites  stcrcotypecs,  dcs  troubles  de  la 
perception  visuclle,  unc  anorexic,  un  crcihisme  ciudiaquc 
ct  I'apparition  d'un  phcnomcne  de  tolerance.  (62), 

L'utilisation  d'un  autre  type  de  stimulants  aussi 
puissant  que  les  amphetamines  mais  depourvu  d'effets 
sccondaires  s'avcre  done  indispensable  si  on  veut  uuliscr 
cettc  hypothfcsc  pour  s'adapter  plus  viie  au  nouvel  horairc. 

4.  2.  Pourquoi  le  modafinil  ? 

Devant  les  effets  pC'nalisatus  des  substances 
amphetaminiques.  il  fallait  trouver  unc  autre  molecule 
presentant  unc  totalc  inocuitc  mais  ayant  unc  puissance 
d'action  comparable  aux  amphetamines.  Le  modafinil  (ou 
MODIODALR  )  semble  presenter  ce  profil.  En  effet, 
molecule  dc  synthese,  le  modafinil  prisente  unc  activitd 
evcillanie  assez.  originale,  mi.se  en  Evidence  d'abord  chez 
I'animal,  puis  confirm6e  chez,  I'hommc  sain  ct  le  sujet 
pathologiquc  atteint  d'hypcrsomnic  idiopathique  ou  de 
syndrome  dc  Cclineau.  (63,  64,  65,  66).  Le  mecanisme 
d'action,  encore  incoinpris,  dc  cettc  substance  dite 
eugregorique  (cu  ;  bon,  gregor  :  eveil)  presente  une 
composantc  adrenergique  agissant  au  niveau  post- 
synaptique  central  dcs  rcccptcurs  alpha  1  adrdnergiques 
(67,  62.  65).  Des  etudes  sc  pttursuivent  actucllcmcnt  tant 
en  France  qu'a  I’etrangcr  pour  approfondir  nos 
connaissances  sur  les  proprieties  pharmacologiqucs  de 
cettc  substance  ct  sur  les  differents  composants  du 
mecanisme  d'action.  Dans  le  cadre  aeronautique  un 
ccruiin  nombre  de  iravaux  out  ddja  etd  mcnes,  il  s'agit  de 
quelques  cxcmplcs  de  resullats  obtenus  lors  dcs  deux 
protocolcs  experimentaux  dc  privation  de  sommeil 
presentes  precddemmcni, 

4.  3.  Excmolcs  d'application 

L'adminisu'ation  dc  modafinil  au  cours  dcs  deux 
proUKolcs  dc  privation  dc  sommeil  decrits  plus  haut  a 
permis  le  maintien  dcs  performances  psychomotrices  dcs 
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sujecs  a  un  niveau  tres  constant,  prochc  dc  cclui  obtenu 
sans  privation  de  sommeil. 

Dans  le  cas  de  la  privation  de  sommeil  de 
soixante  heures  les  niveaux  de  performance,  comparables 
en  debut  d'exp^rimenialion  avec  ou  sans  modallnil,  quelle 
que  soil  la  lache  considdrdc,  sc  difKrcncieni  plus  ou 
moins  rapidement,  et  plus  ou  moins  largcmcnt,  mais  de 
fa90n  significative,  au  cours  de  la  privation  dc  sommeil. 
D'autre  part,  revolution  cyclique  dc  la  performance 
renforede  par  la  privation  dc  sommeil,  pcrsisic  lors  dc  la 
prise  de  modafinil.  La  lachc  de  poursuitc  ct  la  lachc  de 
recherche  en  memoire  quatre  leltres  (figure  6,  7)  sont 
prescnides  pour  illusirer  ccs  rcsuliais.  11  faut  noicr  en 
pariiculicr  la  disparition  presque  loialc  dcs  penes  dc 
conirole  dans  la  tache  dc  poursuitc  avec  la  prise  dc 
modafinil. 

Les  effcis  d'une  privation  dc  sommeil  modcrce 
(27  heuresj  sur  la  performance  sont  moins  marques, 
neanmoins  la  prise  dc  modafinil  amcliorc  la  performance 
dans  tous  les  cas  ou  cclle-ci  est  degradcc.  D'autre  ptirt,  on 
observe  un  cffci  bdncfiquo  dc  faction  combinee  "nap"  + 
modafinil.  Ccs  rdsultats  apparaissent  tres  clairemeiu  dans 
revolution  dc  la  performance  dans  la  lachc  dc  [xiursuiic 
(figure  8). 

II  rcssort  dcs  nombrcuscs  etudes  meiiees  sur  les 
effets  dc  la  privation  dc  sommeil  que  le  stockage  en 
memoire  a  court  termc  comme  faeces  aux  informations 
acquiscs  recemment  nccessitent  une  quantitc  de  sommeil 
"suffisanic"  pour  clrc  realises  dans  tie  bonnes  conditions. 
Dans  les  laches  composant  la  STRES  baiiery  certains 
processus  mis  en  jeu  font  interventr  la  memoire  de  travail 
ou  memoire  a  court  lerme.  C'cst  le  cas  en  particulier  du 
module  d'inversion  dans  la  tache  de  temps  tie  reaction  oii 
la  compatibility  stimulus-reponse  est  insuffisamment 
mymoriscc,  de  la  tache  dc  traitenient  niathemutique.  tie  la 
tache  dc  iraitcmcnt  spatial  et  cvideminent  de  la  uiche  tie 
recherche  en  memoire.  Ces  tiiches  sont  elfcciivciiient 
degradccs  par  la  privation  de  sommeil.  Les  resuluits 
obtenus  avec  Ic  modafinil  permeiteni  de  jienser  que  son 
action  sc  siluerail  sur  deux  plans,  il  permet  effcciivcmeiu 
le  mainticn  d'un  niveau  d'aciivation  general  du  .sysicme 
nerveux  corrcsptmdani  a  un  ctat  d'evcil  efficient  mats  il 
scmbic  cgalcmcnt  agir  plus  particulicremem  sur  les 
mccanismes  ncurophysiologiques  qui  stius-tenslent  la 
memoire  it  court  termc. 

L'cnscmblc  dc  ccs  resuliats  nous  conduisent 
done  il  envisager  une  application  oiieratioiiiielle  qui 
pourrait  ainsi  ctre  oricntcc  en  aeronautit|ue  dans  la 
ryduction  dcs  effets  dus  au  jei-lag". 


4,  4.  A  vantages  dc  I'utilisation  ties  euttregonques  en 
situation  opyrationnelle 

L'ulilisation  du  modafinil  ou  d  une  substance  de 
type  cugrdgorique  pr6scnte  de  nombreu.x  avaiitages 
cxtrcmcmcnt  prdcieux  en  situation  aeronautique 
opyrationncllc. 

En  effet,  la  prise  du  produit  est  facile  par  voie 
oralc.  Les  effets  ont  une  durbe  limiiyc  mais  Ic  sommeil 
cst  possible  avant  la  fin  dc  la  tlurcc  (faction,  si 
fenvironnement  cst  favorable.  II  s’agit  d'une  substance 
cvcillantc  mais  non  anti-sommcil.  En  cas  tie  nt’ccssiie 


ab.soluc,  il  cst  possible  d'antagoniscr  les  elfcis  dc  cc 
produit  par  fadminisiration  de  chlorproma/.inc.  Les  effets 
dcs  eugregoriques  sont  puissants  mais  modulables  en 
fonciion  de  la  dose.  Enfin,  il  n'existe  pas  d'effets 
secondaires  pdnalisants  aux  doses  actives. 

CONCLUSION 

Les  perturbations  du  rythme  veille-sommcil 
rcprcscntcni  done  un  effet  pcnalisani  dans  la  conduitc 
d'une  mission,  en  raison  essenticllcmcnt  dcs 
desynchronisations  des  ryihmes  circadiens  doni  le  rythme 
veillc-sommeil,  dont  la  symptomatologie  (ou  jet-lag) 
basec  sur  les  U'oubles  du  sommeil  et  les  troubles  digestifs 
s'accompagne  cgalcmcnt  d'une  degradation  des 
performances  psychomotrices.  Ces  dernieres  peuvent  etre 
cvaluiics  au  laboratoire  a  partir  d'un  ensemble  dc  sept 
tests  psychomoteurs  rcunis  au  scin  de  la  STRES  battery, 
recommandcc  par  un  goupc  dc  travail  dc  fOTAN,  11  s'agit 
d'un  test  dc  temps  de  reaction,  de  traitemeni 
maihemaiiquc,  de  raisonnement  grammatical,  de 
recherche  en  memoire,  de  reconnaissance  spatiale,  dc 
poursuitc  visuelle  ct  une  double  tache  couplant  recherche 
en  memoire  et  poursuitc  visuelle.  La  mise  en  oeuvre  de 
ceite  batteric  de  tests  a  I'occasion  de  deux  protcKoles 
experimentaux  de  privaiums  de  sommeil,  a  permis  de 
mettre  en  evidence  la  sensibilite,  la  fiabilite  et  la 
reproduciibilitc  de  ces  tests.  La  recherche  de  solutions 
permettant  de  reduire  les  effets  du  'jet-lag  "  a  donne  lieu  a 
un  ensemble  de  travaux  ajant  aboutit  a  dc  nombreeses 
recommandatityns  et  eoiisignes,  parfois  peu  efficaces. 
L'approehc  pharmacologiquc  apparait  en  revanche  plus 
rigoureu.se  et  relativement  |)romeiteuse  notamment  lors 
de  I'utilisation  dcs  hypnotiques  et  surtout  de  la 
melatonine,  Dc  plus  fappantion  recente  d'une  nou\elle 
famille  de  substatiees  d'eveil  dont  le  ehel  de  file  est  le 
modafinil,  aiissi  puissaiites  que  les  amphetamines  mats 
sans  efiet  seeondaire,  permet  de  reconsidcrer  cetle 
appnx'he  et  d'eini.sager  chai|ue  lois  ijue  cela  sera  possible 
un  prolongemeni  de  feuit  d'eseil  qui  devrait  etre  un  e\eil 
efficient,  Les  premiers  resuluits  obtenus  lors  de  situation 
dc  privation  de  sommeil  out  deja  monire'  finteret  de  ce 
type  de  substance  pour  maintenir  un  haut  niveau  de 
performance  pendant  48  heures.  11  convient  de  poursuore 
les  recherches  dans  cette  voie  afin  d'explorer  la  capacile 
eventuellc  de  resynchronisaiion  des  ry  ihmes  biologiques 
du  modafinil,  dont  les  mecanismes  daelion. 
xraisemblablement  multiples  et  la  lotalm;  des  proprietes 
|iharmaceutiques  iie  sont  pas  encore  completenient 
eliicides.  Les  effets  sur  I'homme  des  o|ieraiions  aeriennes 
de  longue  duree.  essentiellemem  ceux  perturbani  le 
rythme  veille-sonimeil  font  ainsi  I  objet  de  nombreuses 
etudes.  Pour  1  instant  aucune  "solution  miracle  n'exisie, 
mats  le  de\ eloppemeni  important  des  recherches 
notamment  sur  le  plan  phamiacologique  devrait  permetU'e 
de  disposer  dans  les  prochaines  annccs  d'un  ensemble  de 
|X)ssibilite.s  cfficaces  a  utiliser  en  fonction  de  la  situation 
cl  des  conditions  environnemenuiles. 
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Table  1 


MAIN  JET  -  LAG  SYMPTOMS 


Chronic  effects 


-  Sleep  disorders  : 

Sleepiness  difficulties,  insomnia,  -  gastric  ulcers 

untimely  waking  up  interrupted  sleep 

rhythm,  sleep  duration  and  quality  -  intestinal  disorders 

decrease  in  a  subjective  way 

-  Performances  decrease  -  chronic  tiredness  and 

insomnia 


-  Attention  decrease 

-  Disorder  of  digestive  functions  -  prostation 

-  global  sensation  of  discomfort  -  intolerance 

-  Irritability 


Table  2 

VARIATION  FACTORS 


Individual  factors 

-  age 

-  "big"  and  "small"  sleeper 

-  morningness,  and  vespertiness 

-  deprivation  sensibility 

-  environment  perception 


Environmental  factors 

-  direction  time  zones  passing 

-  sonorous  and  thermic  level 

-  conflict  intensity 

-  bedding 

-  psychosocial  environment 
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ABSTRACT 

The  Aerospace  Engineering  Test  Establishment  (AETE), 
as  the  Canadian  Forces  (CF)  flight  test  authority,  has 
recently  completed  flight  tests  and  analysis  of  a  major 
store  certification  program  to  establish  an  operational 
flight  envelope  for  the  carriage  and  jettison  of  a  newly 
designed  480  gallon  external  fuel  tank  (EFT)  for  the  CF- 
18  aircraft.  The  certification  process  involved  a 
progressive  series  of  analysis,  wind  tunnel  tests, 
qualiflcation  tests,  ground  tests  and  flight  test  activities. 
Most  of  the  pre-flight  activities  were  performed  by  the 
designer,  McDonnell  Aircraft  Company  (McAir),  while 
all  flight  testing  was  the  responsibility  of  AETE  with 
engineering  support  from  McAir.  The  progression  of 
events  from  the  qualification  testing  to  the  final  fight 
testing  recommendations  are  summarized  herein.  The 
primary  focus  of  this  paper  is  on  the  flying  activities  such 
as  flutter,  loads,  stability  and  control,  separation/jettison 
and  performance.  Special  instrumentation,  flight  test 
techniques  and  test  concept  philosophy  are  also  discussed. 
This  paper  highlights  various  technical  problems 
encountered,  such  as  the  near  flutter  onset  condition 
observed  with  tanks  50  percent  full,  the  premature  failure 
of  the  inboard  wing  spar  pylon  receptacle  discovered  after 
the  last  manoeuvring  loads  flight  and  the  localized  pitch- 
up  phenomena  observed  during  stability  and  control 
(S&C)  testing.  A  glance  at  the  increased  range  and 
payload  capabilities  is  also  included.  Overall,  the  480 
gallon  EFT  was  determined  to  be  a  viable  option  for  the 
CF-18  aircraft. 

INTRODUCTION 

Background.  To  increase  the  war  stock  of  external  fuel 
tanks  for  the  CF-18  aircraft,  the  Government  of  Canada 
established  a  fcUow-on  fuel  tank  acquisition  program. 

The  options  considered  included  buying  more  of  the 
currently  used  330  US  gallon  EFTs  or  supporting  the 
c  'velopment  of  a  new  composite  material  480  EFT  on 
tl.e  CF-18  aircraft.  This  option  was  selected  because  of 
the  technological  benefits  which  could  be  accrued  from 
transferring  filament  wound  composite  technology  to 
Canadian  industry  and  for  the  potential  of  providing 
iii>.reased  .,;rige  performance  and  payload  capacity. 
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Hence,  AETE  was  tasked  by  the  National  Defence  Head 
Quarters  (NDHQ)  to  support  McAir  and  Canadian 
industry  in  the  flight  test  certification  of  the  480  gallon 
EFT  on  the  CF-18  aircraft. 

Objectives.  The  480  gallon  EFT  certification  program 
was  divided  into  two  distinct  phases.  Phase  I  consisted 
of  conducting  a  proof  of  concept  demonstration  so  that  a 
war  time  clearance  could  be  issued  for  the  carriage  of  the 
480  gallon  EFT  on  the  CF-18  aircraft.  This  category  I 
flight  testing  was  conducted  in  concert  with  the  designer. 
McAir,  who  was  responsible  for  the  qualification  tests, 
pre-flight  analyses,  proposed  test  matrix,  and  post-flight 
data  analyses.  This  phase  included  fight  test  activities 
such  as  flutter,  carriage  and  stores  ejection  loads,  S&C, 
tank  separation/jettison  (Sep/Jett),  performance  and 
limited  electromagnetic  interference/compatibility 
(EMI/EMC)  ground  tests.  In  addition,  a  Royal  Australian 
Air  Force  (RAAF)  requirement  to  certify  the  480  gallon 
EFT  for  carriage  on  the  centreline  station  was  originally 
incorporated  into  this  test  program.  However,  the 
withdrawal  of  the  RAAF  from  the  joint  venture  resulted 
in  the  cancellation  of  any  further  centreline  carriage  lest 
effort.  Phase  II  testing,  currently  under  completion  will 
establish  a  full  clearance  envelope  for  the  employment  of 
various  weapons  in  the  presence  of  the  480  gallon  EFT. 
This  category  11  testing  will  involve  engineering  suj^rt 
from  Canadair  Incorporated. 

Test  Item  Description.  The  480  gallon  EFT  is  a 
lightweight,  survivable  structure  fabricated  from  two 
graphite  filament  wound  shells  with  a  foam  filled 
honeycomb  core  between  them.  Glass  cloth  laminate 
core  inserts  are  used  to  provide  frames  for  attaching  a 
graphite  strongback  box.  three  large  access  doors  and  all 
the  required  aircraft  interface  hardware.  The  tank  does 
not  contain  baffles,  and  has  been  optimized  for  low 
manufacturing  cost  and  ease  of  maintenance.  Figure  1 
depicts  the  physical  characteristics  of  the  480  gallon  EFT 
and  compares  them  with  the  330  gallon  EFT.  The 
extended  length  of  the  480  gallon  EFT  does  not  permit 
jettisoning  the  tank  with  the  trailing  edge  flaps  (TEF) 
fully  deflected  without  collision  between  the  tank  and  the 
TEF.  Also,  centreline  carriage  requires  a  five  inch 
extension/adapter  (figure  2)  between  the  480  gallon  EFTs 
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and  the  aircraft  to  allow  for  landing  gear  extension 
without  interference.  The  adopter  is  fastened  to  the  tank 
through  extended  suspension  lugs  and  remains  with  the 
tank  during  jettison.  The  production  480  gallon  EFT  are 
fitted  with  a  more  reliable  modular  fuel  valve  assembly 
and,  as  a  result  of  shortcomings  identified  during  this  test 
program,  a  low  pass  niter  and  a  metal  based  wrap  layer 
for  better  EMI  protection. 


PRE-FLIGHT  TEST  ACnVITIES 

Stores  Clearance  Process.  AETE  was  assigned  the 
overall  responsibility  of  recommending  a  clearance 
envelope  for  the  480  gallon  EFT  on  the  CF-18  aircraft  to 
the  NDHQ  stores  clearance  office.  McAir  was  also 
contracted  by  NDHQ  to  provide  engineering  support  to 
AETE.  Thus,  the  stores  clearance  plan  used  for  this  test 
(xogram  was  very  similar  to  that  used  for  the  F-IS  and 
F/A-18  full  scale  development  programs.  The  plan 
consisted  of  a  logical  progression  of  qualification  tests, 
laboratory  tests,  engineering  analysis,  ground  tests  and 
flight  tests.  A  block  diagram  of  the  480  gallon  EFT  store 
clearance  process  is  shown  in  Figure  3.  As  the  primary 
contractor,  McAir  carried  out,  under  NDHQ  contract, 
several  engineering  analyses  and  laboratory  tests. 
Throughout  the  early  phases  of  this  process,  the  CF, 
including  AETE  personnel,  continuously  reviewed  McAir 
progression  to  ensure  that  CF  vested  interests  in  the 
program  were  met  AETE  active  participation  in  this 
store  clearance  process  started  with  an  EMI/EMC  safety 
of  flight  test  (SOFT).  All  flight  test  activities  were 
carried  out  at  Cold  Lake  using  AETE’s  instrumented  CF- 
18  and  personnel.  The  flight  test  matrices  were 
recommended  by  McAir  and  approved  by  AETE.  The 
test  team  consisted  of  an  AETE  Project  Officer  (PO)  who 
was  essentiaUy  the  team  leader,  AETE  test  pilots  and 
several  engineers  from  McAir  and  AETE.  McAir  was 
responsible  for  all  data  analysis  which  was  subsequently 
reviewed  by  AETE’s  engineers.  Again,  the  decision  to 
proceed  to  the  next  test  point  was  made  by  an  AETE  test 
controller  (often  the  PO  himself)  based  on  concurrent 
recommendations  from  McAir  and  AETE  engineers.  The 
procedure  used  in  this  test  program  was  safe,  efficient 
and  worked  well  either  in  the  Flight  Test  Control  Room 
(FTCR)  or  in  the  briefing  room  preparing  for  the 
following  mission.  AETE  is  most  likely  to  use  a  simitar 
procedure  for  the  Category  II  flight  trials. 

Qualification  Tests.  A  series  of  laboratwy  tests  were 
carried  out  by  the  supplier,  Brunswick  Corporation  of 
Lincoln,  Nebraska,  to  ensure  that  the  480  gallon  EFT  met 
the  procurement  specifications  established  by  McAir. 

The  qualification  test  program  consisted  of  several  tests 
including  maintainability,  lightning,  slosh  and  vibration, 
ejection,  fi’agment  impact,  flame  engulftnent. 


environmental  and  explosion  containment.  The 
qualification  tests  identified  several  shortcomings  with  the 
480  gallon  EFT.  The  most  significant  was  the  inability 
of  the  tank  to  withstand  a  lightning  strike  without  internal 
arcing.  The  original  tank  design  resulted  in  internal  arcs 
on  five  different  locations  within  the  tank.  Fixing  this 
shortcoming  would  have  required  several  months.  To 
remain  within  the  planned  test  program  schedule,  it  was 
decided  to  complete  the  flight  testing  using  tanks  that 
were  not  shielded  for  lightning  and  EMI  protection.  A 
flight  test  restriction  prohibiting  flight  through 
precipitation  static  conditions  was  imposed  for  all  sortie^. 
Also  an  EMI  Safety  of  Flight  Test  (SOFT)  was  required 
prior  to  the  start  of  flight  testing.  In  this  case,  the 
flexibility  given  to  the  program  office  and  the  early 
involvement  of  the  flight  test  agency,  AETE,  allowed  for 
a  compromise  which  helped  expedite  the  completion  of 
this  certification  program. 

Similarly,  delays  in  the  design  and  production  of  the 
modular  fuel  valve  assembly  required  the  initial  flight 
testing  to  be  carried  out  using  the  existing  330  gallon 
EFT  fuel  valve  system.  The  flight  test  certification  of  the 
modular  fuel  valve  assembly  was  the  subject  of  a  separate 
test  program  which  identified  only  one  problem  area 
involving  the  valve  manual  precheck  assembly  which  will 
be  rectified  on  the  production  480  gallon  EFT. 

Wind  Tunnel  Tests.  A  series  of  wind  tunnel  tests  were 
conducted  by  McAir.  under  NDHQ  contract,  to  gather 
aerodynamic  coefficients  and  derivatives  required  for  the 
subsequent  engineering  analysis.  The  wind  tunnel  tests 
were  grouped  into  five  different  sessions  using  various 
facilities.  The  Calspan  eight  foot  wind  tunnel  was  used 
to  obtain  S&C  data  as  well  as  transonic  performance  data 
on  a  six  percent  scale  model.  The  McAir  Low  Speed 
Wind  Tunnel  (LSWT)  provided  S&C  characteristics  for 
low  speed  and  power  approach  with  and  without  flap 
configurations  using  a  12  percent  scale  model.  The  same 
McAir  LSWT  was  used  to  gather  flutter  data  using  a  17.5 
percent  scale  flutter  model.  Trials  conducted  on  a  six 
percent  scale  model  in  the  McAir  Polysonic  Wind  Tunnel 
in  1984  provided  the  necessary  information  to  derive  the 
aerodynamic  loads  predictions.  Last  but  not  least,  the 
Naval  Ship  Research  and  Development  Center  (NSRIX) 
wind  tunnel  was  used  to  investigate  the  Separation  and 
Jettison  (Sep/Jett)  characteristics  of  the  480  gallon  EFT 
and  of  various  other  stores  in  the  presence  of  the  tank. 

The  data  obtained  during  these  wind  tunnel  tests  were 
used  in  various  engineering  analyses  to  determine  the 
most  critical  configurations  for  flight  testing  and  to 
establish  the  initial  flight  test  envelopes.  A  list  of  flight 
test  configurations  is  reproduced  in  figure  4. 

Ground  Fit  and  Function  Tests.  Several  ground  tests 
were  required  prior  to  the  start  of  the  flight  test  program. 
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The  ground  fit  and  function  test,  carried  out  on  a 
production  aircraft  off  the  McAir  assembly  line  in  St. 
Louis,  showed  that  the  480  gallon  EFT  was  compatible 
with  the  CF-18  and  successful  fuel  transfer  was 
den.onstrated.  This  test  also  revealed  that  clearances 
from  the  centreline  480  gallon  EFT  to  the  nose  wheel 
hold  back  bar  and  to  the  launch  bar  actuator  were  less 
than  minimum  distances  specified  in  MIL-STD-1289A 
(Referenced  1).  Similarly,  ground  clearance  for  the 
centreline  480  gallon  EFT  was  only  2.8  inches  with  soft 
tires  and  deserviced  struts.  This  is  less  than  the 
minimum  requirements  listed  in  reference  1.  Because 
these  deviations  were  only  observed  with  either 
deserviced  struts  or  the  nose  wheel  rotated  30  degrees, 
and  because  no  physical  contact  was  observed,  it  was 
agreed  to  proceed  with  the  test  program  as  is.  Again, 
AETE  participation  in  this  ground  fit  and  function  test 
helped  in  reaching  a  quick  compromise  with  the 
contractor,  McAir. 

Ground  Vibration  Tests.  Four  different  ground  vibration 
tests  (GVTs)  were  carried  out  in  support  of  this 
certification  program.  The  cantilevered  pylon  GVT,  the 
full  aircraft  GVT  and  the  structural  mode  interaction 
(SMI)  GVT  were  performed  at  McAir,  with  CF 
participation,  using  a  production  aircraft.  A  rigging 
check  GVT  was  carried  out  at  AETE,  with  McAir 
involvement,  for  each  configuration  to  be  flutter  tested, 
using  the  test  aircraft.  The  cantilevered  pylon  GVT  was 
performed  to  determine  the  liquid  fuel  correction  factors 
as  a  function  of  the  tank  fuel  level.  The  test  set-up 
consisted  of  a  480  gallon  EFT  loaded  on  a  CF-18  wing 
pylon  attached  to  a  rigid  test  fixture.  Five  fuel  levels 
were  tested  from  empty  to  full.  A  dynamic  model  of  the 
480  gallon  EFT  and  wing  pylon  was  developed  based  on 
the  correction  factors.  This  model  was  then  used  to  help 
identify  three  critical  configurations  to  be  tested  in  the 
full  aircraft  GVT.  Subsequently,  this  dynamic  model  was 
modified  to  improve  its  correlation  with  the  full  aircraft 
GVT  results.  This  refined  model  was  then  used  for  all 
flutter  prediction  analysis. 

As  previously  mentioned,  three  configurations  were  tested 
during  the  full  aircraft  GVT  (Figure  4).  The  aircraft,  a 
production  single-seat  CF-18,  was  supported  by  soft  jacks 
designed  to  dynamically  uncouple  the  aircraft  from  the 
ground  which  allowed  the  measurement  of  aircraft  rigid 
body  modes  at  frequencies  less  than  two  Hz.  The  tests 
were  performed  with  the  landing  gear  retracted,  canopy 
closed  and  all  access  panels  secured.  Selecting  the  "RIG” 
mode  on  the  flight  control  system  (FCS)  ensured  that  all 
control  surfaces  were  in  the  neutral  position.  The  pylons 
and  stores  were  rigged  to  minimize  freeplay  such  that 
maximum  mechanical  energy  was  transmitted  through  all 
interfaces.  The  dynamic  symmetry  of  the  store  rigging 
was  verified  by  comparing  the  store  resonant  frequencies 


on  both  sides  of  the  aircraft  during  dwell  excitation. 
Where  required,  adjustments  were  made  to  obtain 
acceptable  dynamic  symmetry.  Symmetric  and 
antisymmetric  frequency  response  surveys  were 
conducted  to  obtain  transfer  function  plots  using  a  sine 
sweep  excitation  at  constant  force  provided  by  two 
electrodynamic  exciters.  Modal  frequencies  were 
obtained  from  these  plots  while  damping  coefficients 
were  derived  using  the  log-decrement  method  on  single 
mode  decay  time  histories.  The  mode  shapes  were  then 
mapped  using  the  multi-node  sinusoidal  excitation 
technique. 

The  vibration  data  obtained  from  this  test  were  used  to 
verify  the  McAir  analytical  aircraft/480  gallon  EFT 
dynamic  model  used  to  perform  flutter  analysis.  The 
GVT  data  also  served  as  a  baseline  for  comparison  with 
vibration  mode  frequencies  and  damping  coefficients 
measured  during  flutter  flight  testing.  Overall,  the 
frequency  and  mode  shape  results  showed  good 
correlation  between  the  analysis,  the  full  aircraft  GVT 
and  the  rigging  check  GVT.  Figure  S  tabulates  the 
results  for  one  of  the  configurations  tested. 

The  Structural  Mode  Interaction  (SMI)  GVT  check  was 
required  to  verify  that  low  frequency  tank  modes  do  not 
couple  with  the  aircraft  FCS  to  produce  an  unacceptable 
dynamic  response.  The  two  configurations  tested  are  also 
depicted  in  figure  4.  These  tests  were  performed  during 
the  full  aircraft  GVT  using  exciters  attached  at  the  stick 
position  and  the  FCS  feedback  accelerometer  package. 
The  tests  consisted  of  a  series  of  sinusoidal  sweeps 
through  the  tank  mode  frequency  ranges  using  maximum 
force  lateral  excitation  on  the  tanks,  followed  by  a  dwell 
at  the  antisymmetric  roll  frequency.  The  SMI  was 
investigated  with  the  control  stick  in  each  of  the  four 
stick  position  quadrants  and  for  aU  flap  deflections.  The 
results  of  this  GVT  showed  no  instabilities,  sustained 
oscillations,  or  unacceptable  dynamic  responses  of  the 
FCS. 

Prior  to  commencing  flutter  testing,  a  rigging  check  GVT 
was  carried  out  on  the  two  most  critical  flutter 
configurations  to  ensure  proper  installation  of  stores  on 
the  test  aircraft.  Freeplay  was  minimized  to  achieve 
dynamic  similarity  on  both  sides  of  the  test  aircraft 
Although  the  test  procedure  was  similar  to  that  used  for 
the  full  aircraft  GVT,  this  rigging  check  GVT  was 
performed  with  the  landing  gear  extended  using  the  soft 
tire  suspension  technique.  Transfer  function  plots  were 
gathered  at  selected  locations  on  the  test  aircraft.  The 
modes  of  interest  were  partially  mapped  by  manually 
recording  response  amplitude  and  phase  relative  to  a 
reference  location  on  the  structure.  The  results  correlated 
relatively  well  with  the  modal  frequencies  obtained 
during  the  full  aircraft  GVT  (Figure  S).  One  discrepancy 
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was  found  during  one  rigging  check  GVT  which 
identifled  an  antisymmetric  mode  at  7.46  Hz.  This  mode, 
which  resembled  the  wing  first  antisymmetric  bending 
mode  but  with  reverse  relative  phasing  between  tank 
pitch  and  fuselage  lateral  motion,  was  not  found  by  the 
analysis  nor  during  the  full  aircraft  GVT.  This 
phenomena  was  believed  to  be  the  result  of  modal 
interferences  of  the  aircraft  stnicture  elastic  modes  with 
the  soft  tire  suspension  system. 

Electromagnetic  Compatibility  Ground  Tests.  TTie 
electromagnetic  compatibility  (EMC)  of  the  480  gallon 
EFT  with  the  CF-18  avionic/electrical  systems  was 
partially  evaluated  through  several  contractor  ground 
tests.  Owing  to  the  lack  of  an  EMC  control  plan,  AETE 
was  required  to  conduct  an  extensive  analysis  of  potential 
electromagnetic  interference  (EMI)  and  EMC  concerns 
based  on  contractor  lightning  and  fuel  probe  radio 
frequency  (RF)  susceptibility  test  results.  With  composite 
walls,  RF  radiation  is  capable  of  passing  through  the  480 
gallon  EFT  with  more  ease  than  a  conventional  metal 
tank.  Such  radiations  could  be  coupled  to  the  internal 
aircraft  electrical/avionic  system  degrading  its 
performance.  Also,  a  potential  exists  for  ignition  of  fuel 
vapour  by  RF  radiation.  Static  charge  build-up,  because 
of  friction,  can  occur  from  fuel  flowing  within  the  tank 
plumbing,  from  fuel  sloshing  within  the  tank,  or  from 
flying  through  moisture  or  dust  (precipitation  static). 

Static  budd-up  may  also  affect  the  aircraft  electric/avionic 
systems  as  well  as  ignite  fuel  vapour.  This  analysis 
categorized  the  EMI  problems  as  either  flight  or  mission 
critical.  Those  which  were  flight  critical  were  addressed 
and  ground  tested,  if  proper  resources  were  available  at 
AETE,  prior  to  flight  testing.  The  EMI/EMC  tests 
carried  out  at  AETE  prior  to  flight  testing  mcluded  a 
thorough  inspection  for  design  specification  compliance: 
measurement  of  bonding,  limited  conducted  emissions, 
and  static  potential  build-ups;  and  CF-18  critical  system 
functional  checks  with  limited  potential  source 
interference  for  a  Safety  of  Right  Test  (SOFT).  Several 
observations  that  indicated  deficiencies  with  the  tank 
design  were  made  throughout  the  EMI/EMC  ground 
testing.  However,  none  of  these  were  severe  enough  to 
halt  flight  testing  with  the  480  gallon  EFT.  As  a 
precautionary  measure,  a  restriction  not  to  fly  through 
visible  moisture  or  any  precipitation  static  potential 
environment  was  imposed  on  the  pre-production  480 
gallon  EFT  until  a  conductive  coating/wrapping  is  applied 
to  the  tank.  Similarly,  flight  in  high  electromagnetic 
environment  areas  was  not  recommended  for  the  480 
gallon  EFT  without  fuel  probe  line  EMI  protection  (low 
pass  filter). 

FLIGHT  TESTING 

This  section  of  the  paper  will  provide  the  reader  with  an 


overview  of  the  aircraft  instrumentation  and  AETE 
installations  used  in  support  of  this  certification  program. 
Then  each  of  the  flight  test  activities  such  as  flutter, 
manoeuvring  loads,  store  ejection  dynamic  loads,  stability 
and  control,  separation/jettison  and  performance  will  be 
discussed. 

Aircraft  Instrumentation.  Both  of  AETE’s  instrumented 
CF-18  aircraft,  used  throughout  this  certification  progra-ti. 
have  identical  data  acquisition  systems  capable  of 
selecting  data  from  the  avionics  multiplex  (mux)  buses 
and  from  various  other  sources.  The  current  system 
provides  a  64  channel  analogue  data  acquisition 
capability.  Data  from  the  analogue  signal  conditioners 
along  with  selected  data  from  direct  analogue  and  digital 
inputs,  mux  buses,  time  code  generator  and  the  Rutter 
Exciter  Control  Unit  (FECU)  are  encoded  into  a  pulse 
code  modulation  (PCM)  format  and  stored  on  the  onboard 
MARS-2000  tape  recorder.  Pilot  voice  and  selected 
direct  analogue  signals  can  also  be  recorded  on  dedicated 
FM  channels.  All  PCM  data  are  telemetered  to  the  Flight 
Test  Control  Room  (FTCR)  for  real  time  monitoring. 
Wing  strain  gauges  were  also  installed  during  production 
assembly  as  part  of  the  basic  instrumentation  package. 
These  gauges,  located  at  three  different  spanwise 
locations,  are  sensitive  to  either  bending  or  torsion  and 
allow  identification  of  the  wing  overall  motion  during 
flutter  testing.  The  additional  instrumentation  rotjuired 
for  specific  flight  activities  are  discussed  later  in  each  of 
the  flight  test  sub-sections. 

For  reasons  of  flight  safely  the  FTCR  w«c  used  fo- 
flight  test  missions.  This  facility  permits  real-time 
monitoring  of  selected  parameters  from  the  telemetered 
PCM  data.  Several  monitoring  devices  are  available, 
from  simple  strip  chart  recorders  to  large  television 
screens,  which  can  be  used  to  display  either  raw 
telemetered  data  or  near  real-time  processed  data  in 
engineering  units.  The  FTCR  is  also  equipped  with  a 
flutter  analysis  workstation  comprising  a  fast  Fourier 
analyzer  for  near  real-time  spectral  analysis,  four  lissajous 
scopes,  and  a  display  for  monitoring  the  test  aircraft 
FECU  parameters.  The  FTCR  set-up  can  be  adapted  to 
the  user  requirements.  The  communication  system  in  the 
FTCR  provides  each  operator  with  the  capability  to 
transmit/receive  through  UHF  radio.  Durmg  this  test 
program,  while  everyone  could  receive  pilot  transmission, 
only  the  test  controller  (an  AETE  personnel)  and  in  an 
abort  situation,  the  lead  engineer  (normally  a  McAir 
personnel)  were  allowed  to  transmit  to  the  test  aircraft. 
Later  in  the  test  program,  a  hot  mike  capability  was 
installed  in  one  of  the  test  aircraft  which  allowed  all 
intercoms  within  the  test  vehicle  to  be  telemetered  to  the 
FTCR.  This  feature  enhanced  the  safety  of  flight  and 
reduced  pilot  workload. 
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All  test  sorties  were  flown  over  Cold  Lake  Air  Weapon' 
Range  (CLAWR)  which  also  includes  the  AETE’s 
Primrose  Lake  Evaluation  Range  (PLER).  PLER  is 
located  on  the  southern  boundary  of  CLAWR  and  approx 
25  miles  north  of  the  airfield.  This  range  is  exclusively 
used  by  AETE  for  test  and  evaluation  purpose.  PLER 
facilities  used  in  support  to  this  test  program  included 
telemetry  rebroadcast  and  tracking  radars  for  all  sorties 
while  phototheodolites  and  meteorological  data  were 
required  only  for  the  Sep/Jett  trials. 

Structural  Mode  Interaction  (SMI)  Testing.  SMI  testing 
consisting  of  two  high  speed  taxi  runs  and  several  flight 
test  points  integrated  within  the  flutter  flight  test  matrix. 
Since  configuration  1  (Figure  4)  was  identified  as  the 
most  critical  SMI  configuration,  it  was  decided  to  fly  this 
configuration  first  during  the  flutter  flight  testing.  The 
first  taxi  run  was  carried  out  on  a  smooth  runway  while 
the  second  run  used  a  rougher  runway  in  an  attempt  to 
iixluce  structural  mode  coupling  with  the  FCS.  Both  tests 
were  performed  with  full  480  gallon  EFTs  and  half  flap 
selected.  During  these  taxi  runs  the  control  stick  was 
flrmly  held  in  the  aft  right  and  forward  left  quadrants  for 
about  10  seconds  to  see  if  an  oscillation  build-up  would 
result.  The  SMI  flight  testing  consisted  of  exciting  the 
aircraft  structure  with  lateral  and  longitudinal  stick  raps 
while  monitoring  the  aircraft  FCS  response.  This 
exercise  was  performed  at  various  flight  regimes 
including  take-off  and  climb-out.  The  SMI  taxi  and 
flight  testing  confirmed  the  expectation,  based  on 
previous  flight  test  experience  with  a  similar  store 
configuration,  that  no  FCS  coupling  with  aircraft 
vibration  modes  will  occur  for  the  CF-18  while  carrying 
the  480  gallon  EFT. 

Flutter  Flight  Testing.  These  tests  were  carried  out  to 
verify  that  the  allowable  carriage  envelope  of  the  CF-18 
configured  with  480  gallon  EFT  is  flutter  flee  up  to  1.15 
times  limit  speed.  The  testing  consisted  of  monitoring 
modal  damping  trends  and  frequency  coalescence  of  the 
different  modes  involved  in  the  flutter  mechanism, 
previously  identified  during  the  pre-flight  flutter  analysis 
and  supported  by  the  full  aircraft  GVT  results.  The  left 
digital  display  indicator,  on  test  aircraft  CF- 188907,  was 
rqjlaced  by  a  flutter  exciter  control  unit  (FECU),  shown 
in  figure  6,  which  provides  aileron  displacement  signals 
to  the  FCS.  Three  modes  of  aileron  excitation  are 
available  through  the  FECU;  sinusoidal  sweep  (from  one 
frequency  to  another),  dwell  (at  one  ftequency  for  a  given 
time)  and  random  (random  noise  within  a  selected 
frequency  band).  The  FECU  has  built-in  safety  features 
which  automatically  shut  down  aileron  excitation 
whenever  toll  rate  or  normal  acceleration  exceed  a  certain 
value  or  whenever  the  pilot  depress  the  paddle  switch. 

The  FECU  can  hold  up  to  15  pre-programmed  set  ups 
which  can  be  activated  at  the  touch  of  one  button.  The 


FECU  control  display  is  also  reproduced  via  telemetry  on 
a  monitor  in  the  FTCR. 

Flutter  flight  testing  consisted  of  sinusoidal  sweeps  and 
single  frequency  dwells  conducted  over  a  range  of 
altitudes  and  airspeeds.  The  test  points  were  divided  into 
distinct  dynamic  pressure  groups  with  each  group 
representing  a  higher  dynamic  pressure  zone.  The  FECU 
was  the  primary  mode  of  inputting  in-flight  aileron 
excitation  while  stick  raps  had  to  be  used  when  testing 
was  carried  out  beyond  the  normal  acceleration  limits  of 
the  FECU.  Functional  check  of  the  FECU,  including  the 
built-in  safety  features,  was  carried  out  by  the  pilot  on 
each  flight  prior  to  commencing  flutter  testing.  Upon 
clearance  from  the  flight  test  controller  in  the  FTCR,  the 
pilot  proceeded  with  the  mission.  Symmetric  or 
antisymmetric  excitations  were  used  at  different  fuel 
states  and  aircraft  attitudes  to  excite  the  mode  of  interest 
which  was  a  function  of  the  configuration  and  the  flutter 
mechanism  involved.  Sweeps  were  used  to  determine 
resonant  frequencies  while  dwells  provided  the  damping 
characteristics  at  and  near  these  frequencies.  Engineers 
in  the  FTCR  constantly  monitored  key  parameters  using 
strip  chart  recorders  and  lissajous  displays.  Review  of 
near  real-time  transmissibility  plots  (T-plots)  was 
performed  as  sine  sweeps  were  completed  and  review  of 
decay  trace  was  carried  out  during  dwell  excitations.  The 
flutter  speed  was  determined  through  extrapolation  of  the 
flight  est  data  using  the  Zimmerman  flutter  margin 
method  and  through  correlation  with  the  various  flutter 
analyses.  When  it  became  too  difficult  to  follow  both 
damning  modes  with  the  Zimmerman  method,  tv„L.ig 
continued  by  tracking  only  the  lesser  damped  mode. 

Both  McAir  and  AETE  flutter  engineers  analyzed  and 
reviewed  the  processed  data  after  each  flight  and  test 
points  from  the  subsequent  higher  dynamic  pressure  zone 
were  selected  for  the  next  test  sortie.  The  last  test  points 
consisted  of  a  series  of  dives  performed  at  maximum 
velocities  from  30,000  to  5,000  feet  mean  sea  level 
(MSL)  with  one  second  dwell  excitations  at  selected 
altitudes.  This  was  performed  to  demonstrated  flutter 
free  operations  of  the  configuration  tested. 

The  pre-flight  flutter  analysis  predicted  that  the  full  480 
gallon  EFT  was  the  critical  tank  fuel  level  for  flutter 
testing  regardless  of  the  configuration  flown.  Rutter 
teshng  of  configuration  1  confirmed  this  prediction.  The 
flight  test  projected  antisymmetric  flutter  speed  for 
configuration  1  correlated  well  with  the  analytical 
prediction,  and  allowed  flight  to  the  full  CF-18  tank 
envelope.  The  stability  of  configuration  1  was  also 
verified  by  low  level  flight  to  maximum  velocity  and 
demonstration  dives  out  to  the  allowable  flight  limits, 
with  acceptable  modal  damping  being  exhibited  in  all 
cases.  However,  flutter  testing  of  configuration  2(Figure 
4)  showed  that  the  half  full  480  gallon  EFT  has  the 
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lowest  projected  flutter  speed.  A  near  flutter  onset 
condition  was  observed  during  a  dwell  excitation  at 
maximum  velocity  and  low  altitude.  Real-time 
monitoring  of  wing  gauge  outputs  (Figure  7)  indicated  a 
significant  reduction  in  damping  resulting  in  the  test  point 
being  aborted.  Previous  testing  with  full  480  gallon 
EFTs  was  successfully  completed  at  similar  test 
conditions.  The  flutter  mechanism  involved  wing  flrst 
bending  and  fuselage  first  lateral  bending  modes,  as 
predicted  by  analysis.  This  lower  flight  est  projected 
flutter  speed  will  result  in  a  carriage  speed  restriction  for 
that  particular  configuration.  The  demonstration  dives  for 
configuration  2,  carried  out  at  various  fuel  states,  were 
successfully  completed  to  expand  the  higher  altitude 
envelope  out  to  the  specified  Mach  number.  The 
remaining  flutter  flight  testing  proceeded  quickly  and 
without  incident  The  use  of  aerial  refuelling  helped 
expedite  the  flutter  test  program  specially  for  the  test 
points  involving  high  drag  configurations  where  3 
minimum  of  SOOOlb  internal  fuel  was  required. 

Active  Oscillation  Control  (AOC)  Testing.  When 
configured  with  heavy  stores  on  the  outboard  pylon  and 
wing  tip  missiles  on,  the  CF-18  encounters  a  5.6  Hz  limit 
cycle  oscillation  (LCO).  Unlike  flutter,  LCO  is  not 
divergent  in  nature  but  creates  unacceptable  lateral 
oscillation  levels  in  the  cockpit  which  affect  pilot 
perftmnance.  This  phenomena,  characterized  by  wing 
first  bending  and  torsional  motion  which  couples  with  the 
fuselage  to  produce  lateral  fuselage  bending,  is  caused  by 
a  structural/aerodynamic  interaction  which  excites  the 
antisymmetric  outboard  store  pitch  mode.  This 
oscillation  is  suppressed  by  the  AOC  system  which  is 
implemented  in  the  CF-18  FCS.  The  AOC  system  is 
automatically  activated  when  the  aircraft  is  flying  below 
9.0(X)  ft  MSL  or  above  0.82  Mach  and  for  heavy 
outboard  stores  configuration  with  wing  tip  missiles  on. 
The  AOC  system  is  essentially  a  feedback  loop  integrated 
into  the  FCS  which  senses  the  forward  lateral 
accelerations,  passes  the  signal  through  a  passive 
bandpass  fdter,  then  through  a  phase  shifter  and  output  to 
the  aileron  to  suppress  the  oscillation.  The  oscillation  is 
aggravated  slightly  by  an  inboard  fuel  tank  and  since  it  is 
not  predicted  analytically,  the  certification  of  a  480  gallon 
EFT  required  flight  testing  to  verify  that  the  current  AOC 
system  adequately  controls  the  oscillation  with  the  larger 
fuel  tanks  installed.  The  configuration  used  for  AOC 
testing  is  depicted  in  figure  4.  Flight  testing  was  also 
conducted  with  the  AOC  system  deactivated  under  similar 
flight  regimes  so  that  a  system  effectiveness  assessment 
could  be  made.  A  slight  modification  to  the  flight 
control  computer  wiring  was  required  to  disable  the  AOC 
system  in-flight.  The  test  approach  consisted  of  flying 
symmetric  manoeuvres  under  increasing  normal 
acceleration  and  Mach  number  while  simultaneously 
exciting  the  structure  with  lateral  stick  raps.  The  pilot 


seat  lateral  accelerations  were  monitored  by  engineers  in 
the  FTCR  using  strip  charts  recorders.  A  soft  limit  of 
0.1 5g  lateral  acceleration  was  defined  as  the  abort 
criteria.  Simulated  weapon  delivery  manoeuvres  usmg  20 
to  35  degree  dive  angle  and  maximum  velocity  dives 
were  performed  to  demonstrate  the  AOC  system 
effectiveness.  For  most  flights  the  AOC  system  was 
effective  in  reducing  the  5.6  Hz  LCo  to  within  acceptable 
levels  (Figure  8).  However,  relatively  high  5.6  Hz 
oscillation  levels  remained  with  half  full  480  gallon  EFT 
at  high  speed  and  low  altitude.  Flight  restrictions  will  be 
required  to  maintain  the  oscillation  levels  within 
acceptable  limits. 

Manoeuvring  Loads  Testing.  Extensive  loads  testing  was 
required  to  demonstrate  the  safe  manoeuvring  envelope  of 
the  480  gallon  EFT  since  it  is  heavier  and  larger  than  any 
other  stores  flown  on  the  CF-18.  The  manoeuvring  loads 
testing  was  divided  into  two  separate  parts.  The 
centreline  carriage  loads  testing  was  carried  out  on 
aircraft  CF-188701  while  the  wing  carriage  loads  testmg 
was  done  using  aircraft  CF- 188907.  Each  aircraft  had 
different  specific  instrumentation  added  to  its  basic 
systems  to  support  these  tests.  For  flight  safety  reasons 
centreline  loads  testing  was  combined  with  stability  and 
control  (S&C)  testing  to  form  a  carriage  test  matru.  This 
was  necessary  as  some  of  the  loads  test  points  required 
aucraft  attitudes  and  flight  regimes  which  were 
considered  critical  for  aircraft  departure  and  similarly 
some  S&C  test  points  were  loads  critical  Hence,  it  was 
common  to  have  loads  and  S&C  test  point  intermixed  in 
one  test  card.  However,  the  S&C  issues  will  be  reported 
in  a  separate  section  of  this  paper.  The  configurations 
selected  for  centreline  and  wing  carriage  loads  testing  are 
depicted  in  figure  4.  The  testing  consisted  of  a  build-up 
approach  based  on  both  progression  in  dynamic  pressure 
and  criticality  of  the  manoeuvre  performed  including  the 
amplitude  of  the  control  input.  Once  stabilized  at  a  flight 
condition,  the  pilot  performed  certain  manoeuvres  known, 
from  previous  flight  test  programs,  to  induce  large 
loading  at  the  pylon/aircraft  interface.  These  included 
steady  state  pull-ups,  wind-up  turns  (WUT),  steady  state 
push  downs.  1  g  360  degree  rolls,  -1  g  180  degree  rolls, 
rudder  kicks,  and  rolling  pull-outs  (RPO).  After  a  test 
pouil,  the  data  was  reviewed  by  McAir  and  AETE 
engineers  in  the  FTCR  and  the  test  controller  cleared  the 
pilot  to  the  next  test  point. 

Centreline  Carriage  Loads.  Aircraft  CF-188701  was 
specially  instrumented  with  an  aircraft  centre  of  gravity 
accelerometer  and  approximately  30  strain  gauges  for  in¬ 
flight  strain  monitoring  at  designated  critical  locations  in 
the  centreline  pylon,  pylon  adapter  and  at  the  aft 
attachment  fuse.  The  gauges  in  the  centreline  pylon 
adapter  were  installed  in  an  attempt  to  provide  real-time 
measurements  of  load  data  through  gauge  calibrations. 
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This  method  of  measuring  centreline  loads  had  the 
advantage  of  being  quick  and  allowing  for  immediate 
clearance  to  the  next  test  point.  However,  the  confidence 
in  using  this  method  was  relatively  low  because  of  the 
limited  instrumentation  used  in  the  calibration  process. 
The  second  method  used  to  obtain  centreline  loads  values 
was  the  trajectory  analysis.  This  method  uses  measured 
aircraft  flight  path  with  previously  derived  wind  tunnel 
data  to  compute  inertial  and  aerodynamic  forces,  and 
ultimately  to  calculate  the  pylon/aircraft  interface  loads. 
This  technique  requires  a  considerable  amount  of  post¬ 
flight  data  because  of  the  large  number  of  time  slices 
within  one  manoeuvre.  All  centreline  loads  testing  was 
carried  out  using  a  three  fuel  tanks  configuration  with  the 
centreline  fuel  quantity  ranging  from  full  to  empty  while 
the  wing  tanks  remained  empty. 

A  total  of  nine  test  sorties  were  required  to  complete  the 
centreline  loads  test  matrix.  The  first  flight  indicated  that 
the  centreline  adapter  strain  outputs  were  only  producing 
10  percent  of  their  expected  values.  Owing  to  time 
constraints  it  was  then  decided  to  proceed  with  the  testing 
using  the  trajectory  analysis  method  to  derive  the  loads 
data.  In  the  mean  time,  AETE  found  that  the  strain  value 
range  supplied  by  McAir  were  erroneous  by  a  factor  of 
10.  Corrections  were  made  to  the  instrumentation  gains 
but  these  gauges  still  only  provided  limited  data  because 
they  were  installed  in  an  area  too  far  away  from  the  main 
load  path.  Hence,  the  trajectory  analysis  was  the  only 
reliable  method  to  obtain  centreline  loads  values. 

The  first  two  flights  were  carried  out  with  the  centreline 
lank  filled  up  with  2600  lb  of  fuel  (400  US  gallons). 
Post-flight  data  analysis  revealed  that  the  centreline  pylon 
aft  attachment  bolt  had  reached  108  percent  its  design 
load  limit  during  a  360  degree,  full  aileron  roll.  On  the 
same  manoeuvre,  the  centerline  pylon  strain  gauges, 
located  at  a  critical  fillet  radii,  was  estimated  to  be  over 
twice  the  maximum  strain  value  predicted  by  McAir  pre¬ 
flight  analysis.  Some  of  the  strains  recorded  were  well 
beyond  the  yield  point  of  the  material.  The  pylon  was 
removed  and  inspected  using  non-destructive  techniques 
(NDT)  and  no  defect  was  found.  However,  in  view  of 
the  inconsistency  between  the  predicted  attachment  strain 
values  and  those  measured  in  flight  testing,  the  centreline 
loads  test  matrix  was  completed  with  an  empty  centreline 
tank.  A  usable  flight  envelope  was  determined  using  the 
trajectory  analysis  method  and  analytically  included  fuel 
to  predict  attachment  loads  for  a  full  480  gallon  EFT.  It 
should  be  pointed  out  that  even  with  an  empty  480  gallon 
EFT,  the  centreline  pylon  strains  at  the  critical  fillet  radii 
were  near  the  maximum  allowable  level  predicted  by 
McAir.  One  of  the  reasons  for  poor  correlation  between 
predicted  and  flight  test  strain  values  is  the  lower  two- 
dimensional  stress  concentration  factor  used  by  McAir  in 
their  analysis  applied  to  a  critical  region  featuring  double 


curvature  (three-dimensional).  Also  it  is  quite  possible 
that  the  centreline  loads  model  is  erroneous  by  itself. 
Nevertheless,  previous  flight  testing  conducted  at  AETE 
has  revealed  that  this  problem  was  not  unique  to  the  480 
gallon  EFT  but  also  applied  to  the  330  gallon  EFT 
currently  used  by  the  CF.  A  structural  loads  monitoring 
program  has  been  established  and  the  impact  of  these 
high  strain  manoeuvres  on  the  fatigue  life  of  the  CF-18  is 
being  investigated. 

Wing  Carriage  Loads.  In  support  of  these  trials,  test 
aircraft  CF-188907  was  configured  with  two  specially 
instrumented  wing  pylons.  Each  pylon  was  modified 
with  several  strain  gauges  at  McAir.  These  calibrated 
gauges  enabled  real-time  measurement  in  the  FTCR  of 
load  data  at  the  pylon  hook,  pylon  post  roll  moment, 
pylon  post  pre-load,  aft  attachment  vertical  and  side 
loads,  and  aft  tie  fuse  load.  Later  in  the  test  program, 
aircraft  CF-188907  was  also  fitted  with  five  strain  gauges 
in  the  critical  radius  of  the  wing  pylon  receptacle  to 
verify  that  pylon  measured  loads  were  within  the 
maximum  permissible  strains  of  the  wing  pylon 
receptacle.  As  per  the  centreline  loads  testing,  symmetric 
and  unsymmelric  manoeuvres  that  were  not  considered  to 
be  departure  critical  were  carried  out  first  while  the 
remaining  test  points  were  performed  after  the  S&C  flight 
testing  was  successfully  completed  for  that 
configuration/manoeuvre.  The  wing  carriage  loads  test 
matrix  and  manoeuvres  performed  were  similar  to  those 
of  the  centreline  testing.  Because  real  lime  monitonng  of 
the  pylon/wing  interface  loads  was  available  and  the 
confidence  level  of  the  instrumentation  used  was  much 
higher  than  that  of  the  centreline  pylon,  a  more  practical 
build-up  approach  was  used  to  expand  the  480  gallon 
EFT  wing  carriage  envelope  during  flight  testing.  Upon 
review  of  the  data  by  both  AETE  and  McAir  engineers  in 
the  FTCR.  the  test  controller  cleared  the  pilot  to  proceed 
with  a  more  critical  test  point.  Generally,  envelope 
expansion  was  carried  out  in  build-up  increments  of  O  .lg 
for  symmetric  manoeuvres  keeping  the  entry  conditions 
constant.  Unsymmetric  manoeuvres  u.sed  similar  build  up 
increments  but  also  performed  the  manoeuvres  using  half 
control  inputs  first  followed  by  full  control  inputs.  This 
was  continued  until  either  a  limit  value  was  exceeded  or 
if  the  next  test  point  was  likely  to  have  overshot  any 
limits. 

The  wing  carriage  loads  testing  was  uneventful  until  a 
premature  failure  in  the  port  inboard  wing  pylon 
receptacle  was  discovered  after  the  test  aircraft  had  safely 
landed  from  its  last  manoeuvring  loads  mission.  This 
failure  was  transparent  to  the  engineers  manning  the 
FTCR  as  well  as  to  the  test  pilot.  The  crack  was 
discovered  during  the  post-flight  routine  check  as  fuel 
was  found  leaking  from  the  pylon  receptacle  area.  Since 
the  cracked  receptacle  (Figure  9)  is  an  integral  pari  of  the 
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number  three  wing  spar,  the  entire  inner  wing  had  to  be 
removed  and  shipped  to  McAir  for  repair.  A  new  port 
inner  wing  was  installed  and  testing  was  resumed  after  a 
three  month  delay.  Part  of  this  delay  was  due  to  the 
installation  of  strain  gauges  on  the  inboard  starboard  wing 
pylon  receptacle  to  monitor  and  correlate  receptacle  strain 
levels  with  pylon  hook  loads.  Also  the  replacement  inner 
wing  was  a  ixoduction  non-instnimented  item  which  had 
no  provision  for  installation  of  test  instrumentation. 
However,  the  existing  instrumentation  in  the  starboard 
<ving  was  similar  to  that  in  the  original  port  wing  and, 
after  a  re-calibration  of  the  instrumented  pylon  on  the 
starboard  side,  testing  was  resumed  using  the  starboard 
wing  vice  the  port  wing  to  collect  flight  test  data.  A 
pylon  receptacle  strain  survey  was  carried  out  using  full 
330  gallon  EFT.  Symmetric  WUTs  and  unsymmetric 
RPOs  were  performed  at  various  load  factors  and  the 
receptacle  strains  were  plotted  as  a  function  of  pylon 
loads  (Figure  10).  This  survey  provided  data  which 
permitted  to  be  correlation,  by  extrapolation  of  pylon 
loads  flight  test  data  from  previously  flown  missions  to 
receptacle  strain  levels.  This  exercise  showed  that  even 
the  maximum  pylon  hook  load  values  previously  recorded 
were  well  within  the  allowable  yield  strain  level  of  the 
receptacle  and  that  it  should  have  not  failed  from  the  480 
gallon  EFT  loads  alone. 

McAir  conducted  an  extensive  investigation  as  to  the 
cause  of  this  premature  failure  (Reference  2).  Several 
failure  causes  were  investigated  including  streas  corrosion 
cracking,  low  cycle  fatigue  and  static  overstress,  although 
the  design  loads  for  the  wing  spar  receptacle  had  never 
been  exceeded  during  any  part  of  this  test  program. 

During  disassembly  of  (he  wing  pylon  receptacle,  the 
beryllium  -  copper  wear  plate  that  attaches  to  the  lower 
flange  (the  sill  which  the  pylon  hook  bears  on)  was 
installed  incorrectly.  The  wear  plate  is  installed  correctly 
when  its  thin  edge  is  located  inboard  as  shown  m  figure 
1 1  (the  wear  plate  angle  is  exaggerated  for  better 
visualization).  The  localized  wear  surfaces  and  crack 
observed  on  the  wear  plates  is  reproduced  in  figure  12. 
Further  investigation  by  the  CF  revealed  that  other  CF-18 
aircraft  also  had  incorrectly  installed  wear  plates.  Upon 
further  review  of  hisiorical  data  by  McAir  it  was 
discovered  that  a  USN  F/A-18  had  suffered  a  port  wing 
failure  in  virtually  the  same  location  as  CF- 188907. 
Fractographic  inspection  of  the  failure  indicated  that  both 
failures  were  identical;  however,  it  could  not  be 
ascertained  if  the  wear  plate  on  the  USN  aircraft  was 
installed  incorrectly.  The  findings  of  the  McAir 
investigation  concluded  that  no  material  discrepancies 
were  found  and  that  there  was  no  evidence  of  stress 
corrosion  cracking  or  fatigue.  The  investigation  report 
conclusion  states  that  the  pylon  receptacle  failure  on  CF- 
188907  was  owing  to  static  overload  and  was  precipitated 
by  a  reversed  wear  plate.  The  expected  fatigue  life  of  the 


CF-18  inboard  pylon  receptacles,  with  the  wear  plate 
installed  correctly,  was  determined  to  be  well  beyond  the 
life  expectancy  of  the  aircraft. 

Store  Ejection  Dynamic  Loads.  Previous  testing  and 
analysis  indicated  the  need  for  store  election  dynamic 
loads  flight  testing  because  of  the  load  increment  caused 
by  the  dynamic  response  of  the  structure  during  store 
ejection.  Hence,  these  tests  were  carried  out  to  obtain 
flight  test  data  to  establish  release  load  factor  limits  of 
selected  CF-18  outboard  wing  pylon  stores  while 
retaining  480  gallon  EFTs  on  the  inboard  wing  pylon. 
Although  the  tests  were  performed  using  full  480  gallon 
EFTs,  allowable  limits  were  analytically  derived  for  full, 
partially  full  and  empty  480  gallon  EFTs.  These  tests 
were  carried  out  on  CF- 188907  after  the  wing  pylon 
receptacle  failure.  Therefore,  not  only  pylon  hook  load* 
were  monitored  but  also  the  receptacle  strain  levels.  In 
addition,  accelerometers  were  installed  on  the  starboard 
wing  tip,  wing  fold,  outboard  pylon,  and  on  the  nose  of 
the  starboard  480  gallon  EFT.  The  FTCR  was  used  to 
monitor  all  store  ejection  dynamic  loads  sorties  with  the 
critical  parameters  being  pylon  hook  load,  pylon  aft 
attachment  vertical  and  side  loads,  and  pylon  receptacle 
strains. 

The  ejection  of  a  store  produces  a  transient  response  on 
the  aircraft  structure  and  retained  stores/pylons  which  can 
be  separated  into  steady-state  and  dynamic  components. 
The  steady  state  component  consists  of  inertia  and 
aerodynamic  loads  occurring  just  before  the  store  lelease. 
The  dynamic  component  results  from  the  ejector  piston 
force,  the  sudden  weight  released  from  the  wuig,  and  the 
application  of  the  unbalanced  airloads  as  lift  exceeds  the 
inertia  load  immediately  after  the  stores  are  released.  As 
a  result  it  was  necessary  to  use  a  build-up  approach 
increasing  normal  acceleration  at  release.  Two  critical 
configurations  (Figure  4)  were  identified  for  testing;  the 
release  of  two  MK-84s  in  salvo  and  the  ripple  salvo 
release  of  four  MK-83s  with  a  200  millisecond  release 
interval.  Pre-flight  analysis  indicated  that  the  release 
interval  was  an  important  factor  in  the  severity  of  the 
resulting  dynamic  loads.  The  analysis  dictated  that  200 
millisecond  was  the  most  critical  release  interval  for  that 
particular  MK-83  configuration,  even  more  so  than  the 
MK-84  salvo  release  at  the  same  load  factor.  All  release.s 
were  carried  out  at  the  same  flight  conditions  except  for 
load  factor  which  was  progressively  increased  based  on 
the  results  of  the  previous  drop.  The  store  ejection 
dynamic  loads  testing  was  completed  quickly  without 
major  unserviceabilities.  The  flight  test  data  showed,  as 
expected,  that  the  pylon  hook  loads  and  aft  attach  vertical 
loads  were  the  most  cntical  components.  The  maximum 
inboard  pylon  hook  loads  measured  in  flight  were 
considerably  less  than  predicted  values  and  contrary  to 
the  pre-flight  analvsis  the  salvo  release  of  two  MK-84s 
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bombs  was  indeed  more  s''vere  than  the  ripple  salvo 
release  of  four  MK-83  bombs  with  the  most  critical 
release  interval  setting  as  shown  by  figure  13.  The 
inboard  pylon  vertical  aft  attach  limit  load  was  exceeded 
by  four  percent  during  the  last  MK-84  release  sortie. 

This  limit  was  driven  by  the  pylon  structure  and  not  the 
wing  interface,  both  inboard  pylons  were  checked  and  no 
inegularities  were  found.  The  final  normal  accelerations 
recommended  for  store  release  in  the  presence  of  the  480 
gallon  EFTs  are  limited  by  the  pylon  aft  attachment 
which  is  definitely  not  in  the  pylon  primary  load  path. 
This  stresses  the  importance  of  harmonized  aircraft  design 
in  that  a  secondary  structure  should  not  restrict  the 
employment  of  the  primary  structure  to  its  full  potential. 

Stability  and  Control  Testing.  The  larger  size  and  fuel 
weight  of  tne  480  gallon  EFT  dictated  that  the  effects  of 
this  new  tank  on  CF-18  stability  and  control  (S&C) 
characteristics  be  evaluated.  As  previously  mentioned, 
S&C  testing  was  integrated  into  the  manoeuvring  loads 
tests  to  form  a  safe  carriage  test  matrix.  The  specific 
objectives  of  these  flight  trials  were  to  determine  and 
demonstrate  a  departure  free  envelope  for  the  CF-18 
loaded  with  480  gallon  EFT  configurations  as  well  as  to 
evaluate  CF-18  flying  qualities  with  such  com'igurations. 
Both  CF- 188701  and  CF- 188907  were  used  for  these 
trials.  Special  instrumentation  included  a  flight  test  nose 
boom  with  pitot  head,  total  temperature  probe,  AOA  and 
angle  of  sideslip  vanes.  Testing  consisted  of  evaluating 
the  flying  qualities  and  departure  resistance  of  the 
selected  480  gallon  EFT  configurations  using  a  build-up 
approach  in  a  series  of  standard  test  manoeuvres.  These 
manoeuvres  included  level  accelerations/decelerations, 
control  doublet*:  ‘  tcady  heading  sideslips,  WUT,  rudder 
roils,  lateral  stic^  rolls,  coordinated  rolls,  cross  control 
and  several  operational  mission  tasks.  All  these  were 
performed  at  various  flight  regimes  and  flap/gear 
configurations.  The  production  aircraft  yaw  rate  tone 
threshold  was  used  as  a  soft  flight  lest  limit  for  yaw  rate. 
After  review  of  preliminary  flight  test  results,  the  sideslip 
angle  test  limit,  initially  defined,  was  slowly  increased  by 
50  percent  using  one  derree  increment'  'necause  the 
original  limit  was  reached  with  less  thcui  iuli  rudder  pedal 
deflection  early  in  the  S&C  testing. 

The  three  empty  480  gallon  EFTs  S&C  configuration 
(Figure  4)  was  determined  to  be  the  worst  case  for 
lateral-directional  stability  and  henceforth  was  flight 
tested  on  both  single-seat  and  dual-seat  aircraft. 

Provision  was  made  to  replace  the  centreline  480  gallon 
EFT  with  a  330  gallon  EFT  if  a  loads  or  S&C  limit  was 
encountered,  since  the  centreline  480  gallon  EFT  was  a 
RAAF  configuration  only.  When  the  RAAF  withdrew 
from  this  program,  all  subsequent  testing  was  carried  out 
with  a  330  gallon  EFT  on  the  centreline  Baseline  flights 
with  three  330  gallon  EFTs  were  performed  as  a 


benchmark  for  the  qualitative  evaluation  of  aircraft  flying 
qualities  with  480  gallon  EFT.  Because  of  the  reduced 
directional  stability  of  the  dual-seat  aircraft,  and 
unavailability  of  wind  tunnel  data  for  the  three  tank 
configuration,  two  flights  were  flown  with  only  two  480 
gallon  EFTs  on  the  wing  stations  as  a  build-up  for 
departure  resistance.  All  end  points  of  the  test  matrix 
were  flown  with  3000  lb  total  fuel  or  less  to  verify  the 
departure  free  envelope  at  the  aft  CG  conditions.  The 
interdiction  S&C  configuration,  which  includes  three  480 
gallon  EFTs  and  four  MK-83  bombs  (Figure  4), 
represented  the  worst  case  for  longitudinal  stability  at  low 
fuel  state  (alt  CG)  and  was  only  tested  on  the  dual-seat 
CF-188907. 

The  S&C  testing  was  completed  without  aircraft 
departures  and  a  departure  free  envelope  for  the  CF-18 
configured  with  480  gallon  EFT  was  determined.  Overall 
the  flying  qualities  of  the  CF-18  configured  with  480 
gallon  EFTs  were  similar  to  that  of  comparable  330 
gallon  EFT  configurations.  Apparent  lateral  directional 
stability  was  positive  on  both  the  single  and  dual  aircraft 
at  all  AOA  and  for  all  configurations  tested.  Regions  of 
negative  airframe  lateral-directional  stability  were 
observed  in  mid  to  high  AOA  because  of  the  large 
adverse  yawing  moment  of  the  aircraft  rolling  surfaces. 

In  all  occurrences  the  FCS  was  succe  .'ful  in  turning 
these  instabihty  regions  transparent  to  the  pilot.  One 
coordinated  input  360  degree  roll  performed  in  the  high 
subsonic,  mid  AOA  region  resulted  in  i  30 
degrees/second  yaw  rate  build-up.  Post-ilight  data 
analysis  revealed  that  the  very  large  proverse  contribution 
of  the  rudder,  commanded  by  the  full  rudder  pedal  input, 
was  fundamentally  responsible  for  the  overall  high  level 
of  yawing  moment  and  yaw  rale  observed.  Although  the 
aircraft  remair  ed  quite  controllable  throughout  this 
manoeuvre,  it  was  decided  nevertheless  to  include  a  note 
in  the  AOl  advising  the  pilot  of  these  potentially  high 
yaw  rate  flight  regimes  and  manoeuvres. 

Pitch  response  and  damping  were  satisfactory  on  the 
single  and  dual  aircraft  for  all  480  gallon  EFT 
configurations  at  most  flight  conditions  tested.  Pitch 
response  became  quite  sensitive  above  0.8  Mach  and  high 
AOA  with  AOA  soft  hmits  often  overshot.  However,  the 
aircraft  never  departed  md  the  pilot  always  regained 
precise  pitch  control.  Review  of  the  flight  test  data 
revealed  several  regions  of  negative  airframe  stability 
mostly  above  20  degrees  AOA  and  high  subsonic  Mach 
number.  One  of  the  most  inteiosting  phenomena 
observed  during  this  test  program  was  a  longitudinal  stick 
reversal  experienced  by  CF-188701  with  three  480  gallon 
EFT  during  a  WUT  at  0.8  Mach/35.000  ft.  Post-flight 
data  analysis  confir'’'i.J  this  negative  apparent 
longitudinal  stability  (Figure  14).  Further  review  of  the 
data  indicated  that  this  pitch  up  phenomena  was  partially 
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caused  by  the  quickness  of  the  manoeuvre  relative  to  the 
large  time  constant  of  the  filtered  AOA  to  the  trailing 
edge  flap  (TEF)  controller.  Review  of  the  TEF  position 
relative  to  the  AOA  showed  deflections  much  greato- 
than  the  scheduled  position  as  the  manoeuvre  progress 
(Figure  IS)  which  significantly  increased  the  nose  up 
pitch  moment.  The  control  laws  of  the  CF-18  are  based 
on  a  commanded  load  factor  system  which  in  theory 
should  provide  the  precise  load  factor  at  all  times  such 
that  stick  reversal  should  not  happen.  However,  as  the 
aircraft  enters  the  region  of  airframe  instability,  the  trim 
stabilator  requirement  changes  from  trailing  edge  up  to 
trailing  edge  down.  This  momentary  imbalance, 
aggravated  by  the  previously  mentioned  TEF  lag,  results 
in  a  pitch-up,  although  the  pilot  holds  a  nearly  constant 
longitudinal  stick  input  The  natural  reaction  of  the  pilot 
is  then  to  introduce  forward  stick  to  augment  the  control 
laws.  McAir  is  confident  that  given  enough  time  and 
oscillations,  the  control  laws  should  eventually  seek  out 
the  commanded  load  factor.  Although  the  pilots  have 
found  these  localized  pitch-up  phenomena  bothersome, 
they  were  not  considered  hazardous.  An  AOI  note 
advising  the  pilot  about  the  pitch-up  tendency  of  the  CF- 
18  configured  with  480  gallon  EFT  in  certain  flight 
regimes  will  be  recommended.  Basically  the  departure 
free  envelope  for  the  CF-18  with  480  gallon  EFT  is 
practically  identical  to  that  of  the  CF-18  with  330  gallon 
EFT. 

Lift-off  speeds  using  military  power  aiKl  maximum  power 
were  recorded  for  several  aircraft  configurations 
throughout  this  test  program.  In  general,  carriage  of  full 
480  gallon  Ein'  resulted  in  normalized  take-off  speeds 
comparable  to  that  of  the  330  gallon  EFT.  A  consistent 
trend  depicted  in  the  analysis  of  the  take-off  data 
indicates  that  the  aircraft  operating  instructions  (AOI)  are 
in  average  6  knots  lower  than  the  normalized  flight  test 
data.  It  is  recognized  that  take  off  testing  intrinsically 
produces  large  variances;  however,  three  test  pilots  were 
involved  in  this  testing  and  all  were  briefed  to  use  12 
degree  nose-up  stabilator  initial  trim  with  full  aft  stick 
deflection  during  take  off  roU,  yet  hardly  none  of  the  test 
points  recorded  had  a  take-off  speed  less  than  that 
published  in  the  AOI.  Further  testing  to  spot  check  the 
validity  of  AOI  take-off  data  will  be  recommended. 

Separation/Jettison  Testing.  The  separation/jettison 
(Sep/Jett)  testing  was  performed  to  demonstrate  safe 
jettison  of  the  480  gallon  EFT  from  the  CF-18  aircraft 
and  to  compare  the  tank  flight  separation  results  with 
those  predicted  using  the  wind  tunnel  database  and 
McAir’s  six  degrees  of  freedom  (SDF)  computer  code. 
The  pre-flight  analysis  conducted  by  McAir  identiTied  a 
total  of  seven  jettison  trials  for  flight  testing;  five  from 
the  wing  stations  and  two  from  the  centreline  station. 

The  later  were  deleted  from  the  Se|VJett  text  matrix  as  a 


result  of  the  RAAF  withdrawal  from  this  program.  All 
Sep/Jett  testing  was  carried  on  JF-188701  equipped 
with  a  flight  test  nose  boom.  In  addition,  three 
photosonic  IPL  high  speed  cine  cameras  were  installed 
on  the  starboard  wing  tip  missile  launcher  while  a  fourth 
camera  was  located  at  the  keel  position.  The  tip  cameras 
were  calibrated  so  that  their  film  could  be  used  to  provide 
SDF  trajectories  through  photometric  data  reduction. 

Each  of  the  480  gallon  EFTs  dropped  during  these  trials 
were  prepared  with  numbered  decals  to  aid  in  the 
photometric  data  reduction.  All  jettisons  were  done  with 
empty  and  purged  tanks  since  this  was  the  predicted 
worst  case  fuel  level.  The  FTCR  was  used  to  monitor 
the  trials. 

The  overall  test  approach  used  a  build-up  procedure 
increasing  Mach  and  airspeed  independently  by  varying 
the  release  altitude  and  finishing  with  an  end  point 
demonstration.  A  total  of  four  ejected  and  one  auxiliary 
release  (non-ejected)  of  480  gallon  EFT  were  successfully 
demonstrated  during  this  test  program.  The  auxiliary 
jettison  of  an  empty  480  gallon  EFT  from  the  CF-18 
wing  station  was  carried  out  once  good  correlation  was 
established  between  flight  test  data  and  McAir's  SDF 
computer  program  predicted  separation  trajectories.  The 
last  jettison  trial  was  conducted  with  two  MK-83  low 
drag  bombs  on  a  vertical  ejector  rack  (VER)  mounted  on 
the  outboard  wing  station  adjacent  to  the  jettisoned  480 
gallon  EFT.  To  distribute  the  aerodynamic  asymmetry 
between  take-off  and  landing,  an  empty  330  gallon  EFT 
was  loaded  on  the  port  inboard  wing  station  of  the  test 
aircraft  and  retained  throughout  the  flight.  All  releases 
were  carried  out  with  flaps  and  landing  gear  up.  At  the 
highest  dynamic  pressure  release,  the  tank  aft  end 
projected  several  inches  above  the  plane  of  the  wing 
pylon  lower  surface.  Although  this  area  is  used  by  the 
TEF  when  fully  deflected,  at  such  high  dynamic  pressure 
the  TEF  are  not  deflected  enough  to  be  in  the  area  of 
concern.  However,  the  jettison  of  the  480  gallon  EFT 
with  the  TEF  fully  deflected  may  be  hazardous  and  an 
AOI  warning  to  that  effect  is  warranted.  Overall,  the  480 
gallon  EFT  separation  photometric  data  adequately 
matched  the  separation  trajectories  predicted  by  McAir’s 
SDF  computer  program  with  some  variations  in  pitch  rate 
and  yawing  tendency  of  the  480  gallon  EFT.  The  larger 
predicted  angular  motion  may  be  attributed  to  the  tank 
deforming  under  the  ejector  area  thereby  absorbing  some 
of  the  ejection  force.  But  most  probably,  the  variance  in 
angular  motion  may  be  from  the  different  magnitude  of 
the  full  scale  aerodynamic  characteristics  from  the 
predicted  values  since  wind  tunnel  data  was  only 
available  up  to  35  degree  pitch  attitude.  Nevertheless, 
the  ejected  and  auxiliary  jettison  envelopes  of  the  480 
gallon  EFT  on  the  CF-18  were  successfully  demonstrated 
to  the  desired  limits. 
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Performance  Testing.  Limited  performance  testing  was 
conducted  to  verify  the  wind  tunnel  predicted  drag 
indices  for  various  480  gallon  EFT  configurations.  At  a 
typical  cruise  condition,  the  predicted  drag  increment  for 
the  480  gallon  EFT  horn  wind  tunnel  testing  was 
rqwrted  (Reference  3)  to  be  three  counts  higher  for 
centreline  carriage  and  13  counts  more  for  two  wing 
carriage  than  a  similar  configuration  using  330  gallon 
EFT.  All  performance  sorties  were  flown  on  CF-188701 
configured  with  a  flight  test  noseboom.  Apart  from  this 
flight  test  noseboom,  which  had  a  drag  index  (DI)  of  1.3, 
the  test  aircraft  was  representative  of  a  fleet  aircraft. 
Performance  data  was  gathered  during  five  flights  using 
level  accelerated  flight  and  stabilized  level  flight  using 
the  constant  weight  to  pressure  ratio  (W/  )  technique. 
Owing  to  the  limited  number  of  flights  available;  the 
several  configurations  to  be  tested;  measuring  devices  on 
AETE's  instrumentated  aircraft;  and  the  non-residency  of 
a  CF-18  trust  deck  at  AETE;  data  reduction  was  rather 
archaic.  It  consisted  of  extrapolating  drag  indices  from 
the  AOI  based  on  a  measured  Mach  number  and 
calculated  fuel  flown  from  fuel  quantity  variations  over  a 
two  minute  time  period.  A  sensitivi^  analysis  was 
performed  and  the  flight  test  derived  drag  indices  were 
estimated  to  be  within  seven  counts  of  the  true  value  at 
0.8  Mach. 

The  clean  aircraft,  configured  with  only  wing  tip  missiles, 
was  first  tested  to  verify  the  baseline  drag  index.  The 
result  showed  that  the  baseline  aircraft  had  an  average  DI 
of  2S.  This  was  ap(noximately  15  drag  indices  higher 
than  the  expected  value,  accounting  for  aircraft 
modifications,  fuseland  launchers  and  flight  test 
noseboom.  The  difference  in  the  DI  was  attributed  to 
normal  inservice  degradation  of  the  aircraft  performance. 
Similar  results  were  obtained  during  a  subsequent 
performance  test  program  carried  out  to  evaluate  the  CF- 
18  performance  at  low  altitudes  for  various  configurations 
including  the  480  gallon  EFT.  Thus,  a  basic  aircraft  DI 
was  recommended  for  insertion  in  the  performance  part 
of  the  AOI.  Contrary  to  the  AOI  which  considers  the  DI 
to  be  independent  of  Mach  number,  the  test  results 
showed  that  the  variation  of  actual  DI  with  Mach  will 
affect  some  of  the  range  and  combat  radius  predictions 
from  these  AOI.  However,  test  data  indicate  that  this 
assumption  may  be  considered  valid  for  the  flight  regime 
anywhere  between  0.7  and  0.92  Mach.  Essentially  the 
flight  lest  data  showed  that,  allowing  for  the  baseline 
offset  and  at  a  typical  cruise  condition,  the  actual  DI  for 
the  480  gallon  EFT  configurations  closely  matches  the 
McAir  predicted  values.  The  flight  test  performance 
results  also  confirmed  the  predictions  that  a  CF-18 
configured  with  two  480  gallon  EFTs  was  essentially  the 
same  DI  as  a  three  330  gallon  EFT  configuration.  Since 
these  two  configurations  carry  similar  amounts  of  fuel, 
the  utilization  of  two  480  gallon  EFTs  has  the  advantage 


of  freeing  up  one  additional  weapon  station  for  an 
increased  payload  capability.  Overall,  the  limited 
performance  data  gathered  during  this  test  program  have 
indicated  that  the  carriage  of  480  gallon  EFT  instead  of 
330  gallon  EFT  substantially  increases  the  range  and 
endurance  of  the  CF-18  aircraft. 


SUMMARY 

This  flight  test  program  was  successful  in  demonstrating 
safe  carriage  and  jettison  of  a  composite  480  gallon  EFT 
for  the  CF-18  aircraft.  A  recommendation  will  be 
forwarded  to  NDHQ  so  that  a  certification  clearance  can 
be  issued.  A  total  of  98  test  sorties  were  flown  on  CF- 
188701  and  CF-188907  in  support  of  these  trials,  34  for 
flutter,  AOC  and  SMI,  28  for  S&C,  18  for  manoeuvring 
loads,  six  for  dynamic  loads,  five  for  Sep/Jett,  five  for 
performance,  and  two  for  the  wing  receptacle  strain 
survey.  Except  for  performance  testing,  most  of  these 
flights  required  a  safety/photo  chase  aircraft. 

The  minor  deficiencies  identified  tnroughout  this  test 
program  on  the  prototype  480  gallon  EFT  have  been 
corrected  on  the  production  model.  The  EMVEMC 
concerns  with  this  composite  material  tank  were 
addressed  by  incorporating  an  EMI  low  pass  filter  on  the 
fuel  quantity  probe  and  including  a  metal  based  wrapping 
near  the  tank  surface.  Most  EMl/EMC  testing  was 
repeated  with  this  improved  design  with  the  final  test 
currently  being  carried  out  at  AETE. 

Data  gathered  from  all  analysis,  ground  and  flight  tests 
have  indicated  that  the  480  gallon  EFT  is  a  viable  option 
for  the  CF-18  aircraft.  As  predicted  analytically,  no  SMI 
will  occur  from  the  carriage  of  this  tank.  Minor  speed 
limitations  will  be  required  for  certain  configurations 
based  on  the  flutter  and  AOC  test  results.  The  higher 
than  predicted  strain  values  from  the  centreline  loads 
testing  may  result  in  additional  flight  restrictions  if 
centreline  carriage  is  reconsidered,  but  as  previously 
mentioned  centreline  carriage  was  not  a  Canadian  driven 
requirement.  The  wing  inboard  pylon  receptacle  failure 
will  not  restrict  the  wing  carriage  of  the  480  gallon  EFT 
since  this  failure  was  attributed  to  an  incorrectly  installed 
wear  plate.  Based  on  the  dynamic  loads  flight  test 
results,  the  wing  pylon  aft  attachment  load  limits  will 
somewhat  restrict  the  permissible  normal  acceleration  for 
outboard  store  releases  in  the  presence  of  a  480  gallon 
EFTs.  Safe  separation  and  jettison  of  the  tank  was 
demonstrated  to  the  desired  limits  and  performance 
testing  has  shown  that  the  use  of  480  gallon  EFT 
increases  the  range  and  capability  of  the  CF-18  aircraft. 
The  follow-on  test  program,  currently  under  planning, 
will  establish  a  full  clearance  for  employment  of  various 
stores  adjacent  to  the  480  gallon  EFT.  Overall,  this  test 
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program  provided  AETE  personnel  with  valuable 
experience  which  will  most  likely  be  reflected  in  future 
store  certification  programs. 
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FIGURE  3  -  480  GALLON  EFT  STORES  CLEARANCE  PROCESS 
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FIGURE  5  -  SUMMARY  OF  TYPICAL  480  GALLON  EFT  GVT  RESULTS 
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FIGURE  6  -  FLUTTER  EXCTTER  CONTROL  UNIT 
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TOTAL  INBOARD  PYLON  HOOK  LOAD  VS  LOAD  FACTOR 
MK-8A  AND  MK-83  EJECTED  FROM  OUTBOARD  PYLON 
(lOOX  FULL  480  EFT.  0-70  MACH/5000  FEET) 


•  <681 

■  (71) 


O  MK-84  (SALVO)  PREDICTED 
•  MK-84  (SALVO) FLT  DATA 
□  MK-B3  (RIPPLE-SALVO)  PREDICTED 
■  MK-83  (RIPPLE-SALVO)  FLT  DATA 
()  MISSION  NUMBER 

RIPPLE  RELEASE  INTERVAL  =  200  MS 
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n DURE  1 3  -  PYLON  HOOK  LOADS  FROM  STORE  EJECTION  DYNAJ^C  LOADS  TESTINO 


nOURE  15  -  TRABLINO  EDGE  FLAP  POSITION  VERSUS  SCHEDULE  DURING  WIND-UP  TURN 
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RAVITAILLEMENT  EN  VOL 

L’EXPERIENCE  DE  DASSAULT-AVIATION  APPLIQUEE  AO  RAFALE 

par 

Charles  Defreville 
Dassault-Aviation 
Direction  Generate  Technique 
78  quai  Marcel  Dassault 
92214  Saint-Cloud 
France 


0  RESUME 

Le  Rafale,  dernier  avion  de  combat  de  Dassault 
Aviation,  est  pourvu  dHin  circuit  de  ravitaillement  en 
vol  4  base  dHine  perche  fixe.  Le  but  de  I'article  est  de 
retracer  les  principaux  faits  marquants  qui  ont  jalonnd 
sa  conception  et  qui  tdmoignent  de  la  varied  des 
disciplines  sollicitdes  :  structure,  adrodynamique, 
systdtnes,  etc ... 

Dans  un  deuxidme  tunps  sont  ddcrits  les  essais 
rdalisds  tant  au  sol  qu'en  vol,  qui  ont  permis  de 
vdrifter  les  performances  du  systdme  et  les  qualitds  de 
^ol  de  I'appareil. 


I  INTRODUCTION 

1.1  Rappel  de  I'importance  du  sujet 

Le  nombre  d'avions  dans  les  Forces  Franfaises  pour 
assurer  la  ddfense  du  territoire  diminue  au  fil  du 
temps,  allant  de  pair  avec  I'accroissement  de  leur 
potentiel.  La  durde  moyenne  des  missons,  leur 
domaine  de  surveillance  et  d'intervention  ont 
sensiblement  augmentd. 

Paralldlement,et  sans  parler  de  contexte  gdopolitique, 
les  dvdnements  de  ces  demidres  anndes  ont  prouvd 
que  les  interventions  militaires  sont  dissdmin^  en 
de  nombreux  endroits  du  globe.  Ces  interventions 
requidrent  souvent  I'utilisation  des  forces  adriennes, 
et  frdquenunent  des  avions  de  combat  :  its  doivent 
(fadord  se  rendre  stir  le  lieu,  et  ils  se  voient  ensuite 
confier  des  missions  varides  de  type  surveillance  avec 
temps  d'attente  ou  raid  loin  de  la  base. 

Ces  missions  des  temps  actuels  requidrent  pour  les 
avions  de  combat  une  capacitd  cfautonomie  en  vol  ou 
d'action  d  longue  distance  trds  importante. 

II  y  a  plusieurs  rdponses  possibles  pour  rdpondre  d  ces 
besoins :  capacitd  interne  de  carburant,  utilisation  de 
rdservoirs  extemes,  diminution  de  la  consommation 
spdciftque  des  moteurs,  etc  . . . 

Le  bon  compromis  fait  la  rdussite  d'un  bon  avion,  sur 
ce  sujet,  comme  sur  les  nombreux  autres. 

Le  ravitaillement  en  vol  a  I'avantage  d'apporter  peu  de 
contrainte  dans  la  ddflnition  de  I'amon.  Cette  fonction 
ndcessite  ce|  mdant  des  moyens  logistiques  assez 
lourds,  les  avions  ravitailleurs.  Mais  I'avantage 
opdrationnel  est  tel,  qu'au  cours  des  anndes,  dc  plus 
en  plus  de  pays  ont  ddcidd  de  s'en  doter. 


Finalement,  et  d  force  d'allonger  rautonomie  en  vol, 
on  peut  imaginer  qu'un  jour,  sa  limite  ne  sera  pas 
imposde  comme  souvent  par  la  consommation  en 
carburant,  mais  pourquoi  pas  pour  la  consormnation 
en  huile  des  rdacteurs  ! 

1.2  Experience  des  avions  de  combat  de 
Dassault-Aviation 

Les  performances  demanddes  pour  le  ravitaillement 
sont  devenues  de  plus  en  plus  prdcises  et  exigeantes 
au  cours  du  temps.  Cette  dvolution  se  retrouve  au 
travels  des  gdn^tions  successives  des  avions  de 
combat  multimissions  de  Dassault. 

•  Le  Mirage  HI,  avion  des  anndes  60,  ne  comporte 
pas  de  systdme  de  ravitaillement  dans  sa  version 
de  base.  Lors  des  rdnovations  des  Mirage  III 
export,  rdalisdes  par  notre  socidtd  ou  des 
concurrentes,  le  rdtrofit  de  ce  circuit  est  souvent 
proposd. 

•  Le  Mirage  FI,  avion  des  anndes  70,  n'dtait  pas 
dotd  d'un  circuit  de  ravitaillement  dans  ses 
spdcifications  techniques  initiales.  Le  premier 
avion  de  sdrie  en  dtait  certes  equipd,  mais  le 
circuit  a  dtd  moins  optimisd  en  terme  de 
performances,  vu  son  introduction  tardive  en 
ddbut  de  mise  en  sdrie. 

•  Le  Mirage  2000,  avion  des  aimdes  80-90,  a  dtd 
con9U  dds  le  ddpart  avec  un  circuit  de 
ravitaillement  comportant  une  perche  fixe 
amovible.  Cette  perche  est  montde  en 
permanence,  pour  la  plupart  des  versions. 

Un  bon  nombre  d'avions  Dassault  ont  aussi  dtd  confus 
pour  des  profils  de  mission  plus  spdciflques.  Ils 
comportent  de  base  un  circuit  de  ravitaillement  en 
vol :  Mirage  IV,  Jaguar,  Etendard  et  Super-Etendard, 
entre  autres.  Ce  dernier  est  mdme  avion  ravitailleur, 
grice  i  I'emploi  d'un  pod  spdcifique  montd  sous 
fuselage ;  certaines  versions  de  Mirage  FI  export  ont 
aussi  cette  capacitd. 

Sur  le  Rafale,  futur  avion  de  combat  polyvalent  de 
Dassault,  le  niveau  de  performances  du  circuit  de 
ravitaillement  a  dtd  fixd  trds  haut,  en  regard  de  ses 
difTdrentes  versions  ainsi  que  des  missions  varides 
qu'il  aura  d  eflectuer. 

L'objet  de  cet  article  est  de  montrer,  au  travers  du 
cheminement  qui  a  amend  sur  cet  avion  d  la  solution 
retemie  pour  le  circuit,  quels  sont  les  aspects  les  plus 
marquants,  en  particulier  ceux  dont  le  savoir-faire  de 
I'avionneur  est  inlervenu  dans  les  choix  effectuds. 


Presented  at  an  AGARD  Meeting  on  Recent  Advances  in  Long  Range  and  Long  Endurance  Operation  of  Aircraft',  May  IW. 
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2.  LE  PROGRAMME  RAFALE 

2.1  Grandei  lignes  du  programme 

En  France,  d  111011200  2000  et  au-deld,  les  besoins  de 
renouvellement  des  flottes  recouvrent  des  avions  de 
combat  tr^  difKrents  et  aux  missions  tr£s  varies  : 

•  dans  TArmte  de  I'Air  fianfaise  : 

•  MIRAGE  DIE  et  Jaguar  (attaque  au  sol) 

•  mirage  FlC  (defense  a^enne) 

•  dans  I'Adronautique  Navale  Franfaise  : 

•  Crusader  (defense  de  la  flotte) 

•  Etendard  FVP  (reconnaissance) 

Les  versions  export  de  ces  avions  ainsi  que  leur 
concurrent  ont  £t^  prises  en  compte  dans  I'analyse 
prospective. 

LEtat  Franfais  a  d^id£  de  lancer  un  avion  polyvalent 
capable  de  subvenir  &  ces  diOiirents  besoins  :  le 
Rafale.  Les  principales  caractdristiques 
opdrationnelles  de  cet  avion  bir^cteur  de  la  classe 
des  9  tonnes  (masse  k  vide)  sont : 

•  3  versions  principales  ayant  un  haut  degr^ 
de  communaut^  de  syst^e  et  de  cellule  : 
biplace  air,  monoplace  mer,  monoplace 
air. 

•  une  manoeuvrability  et  un  rayon  d'action 
trds  importants 

•  un  radar  aux  fonctions  air/air  et  air/sol 
simultanyes,  un  systime  d'autoprotection 
tr^s  intygry 

•  des  armements  de  la  demiyre  gynyration  : 
le  Mica  (air/air)  et  I'Apache  (Air/sol). 

4  avions  ont  yty  commandys  en  1988  au  litre  du 
dyveloppement 

•  le  monoplace  air  COl  aflfecty  au 
dyveloppement  des  systymes  de  base  et  du 
moteur  ;  il  totalise  actuellement  plus  de 
200  vols. 

•  le  nionoplace  mer  MOl  chargy  des  essais 
de  compatibility  sur  porte-avions. 

•  le  biplace  BOl  et  monoplace  mer  M02, 

outre  leur  spycificity  permettront  d'asurer 
la  mise  au  point  en  vol  du  systyme 

d'armes. 

3  dyfls  caractyrisent  ce  programme  : 

•  Le  dyfi  technique  3  versions 

simultanyes,  un  systyme  (farmes 

entiyrement  nouveau. 

•  Le  dyn  calendaire  :  les  besoins  de 

I'Ayronavale  sont  incontoumables  pour  la 
succession  des  Crusader. 


•  Le  dyfi  financier  :  En  ces  temps 
yconomiquement  perturbys,  le  respect 
coOts  est  le  garant  de  la  poursuite  du 
programme. 

La  phase  d'industrialisation  du  programme  a  yty 
lanc^  en  Janvier  1993,  le  premier  vol  du  premier 
avion  de  s^e  est  prevu  en  octobre  1996. 

2.2  Ravitaillement  en  vol:  objectifs,  missions 
envisagyes 

L’Armye  de  I'Air  a  demandy  que  I'avion  soil  muni  d'un 
systyme  de  ravitaillement  en  vol  comportant  un 
perche  fixe  amovible. 

Cette  spycification  est  conforme  au  concept  d'un  avion 
polyvalent,  elle  permet  d'adapter  I'avion  au  profil  de 
sa  mission,  qui  ne  requiert  pas  systymatiquement  le 
besoin  de  ravitaillement  en  vol. 

Elle  permet  aussi  de  dyfinir  une  perche  simple. 

Les  profils  type  de  missions  type  exprimyes  par  1' 
Etat-Major  ont  pour  la  plupart  une  caractyristique 
commune  :  un  rayon  d'action  tiys  important  pour  les 
missions  air-sol,  des  temps  d'attente  trys  importants 
pour  les  missions  air-air.  Les  spycifications  des 
missions  de  convoyage  sont  devenues  plus 
formalisyes  qu'auparavant,  suite  &  I'yvolution  du 
contexte  international. 

Une  dymonstration  de  vol  de  convoyage  de  France 
jusqu'y  Kourou  (Guyane  Fran^aise)  a  yty  rycemment 
elTectuye  par  3  MI^GE  2000  accompagnys  par  un 
avion  ravitailleur  KC 1 3S. 

Pour  I'Ayronavale,  la  systyme  de  ravitaillement  est 
indissociable  d'un  avion  embarquy.  Pour  des  raisons 
de  sycurity,  les  cycles  de  pontye  et  de  recueil  sont 
toujours  rdalisyes  en  prysence  d'un  avion  ravitailleur, 
pour  parer  toute  yventuality. 

2.3  Avions  ravltailleurs  en  service  dans  les 
Armees  francaises 

Le  principal  avion  ravitailleur  d'avions  de  combat  en 
service  dans  I'AAF  est  le  Boeing  KC13S-FR  II  est 
yquipy  y  rintrados  du  fuselage  d'un  ki'  de 
ravitaillement,  ddrivy  du  systdme  de  base  de  upe 
rdceptacle  (boom  receptacle)  monty  sur  les  KC  i35 
amyitcains.  Ce  kit  permet  le  ravitaillement  des  avions 
munis  d'une  perche  yquipde  en  extrymity  du  matyriel 
au  standard  US/MS  24356-1  type  MA-2,  conforme  au 
STANAG  3447  annexe  B  (dn^ue/probe). 

L'adaptation  consiste  en  la  mise  en  place  i  I'extrymity 
de  la  partie  rytractable  d'une  tuyauterie  souple 
relativement  courte  munie  d'un  coupling  (b^ 
MS243SS-I),  partie  femelle  de  rextr£mity  de  pen^. 
Ce  coupling  est  entourd  chine  partie  conique  clont  les 
deux  bases  formys  chine  armature  en  aluminium  sont 
reliyes  par  des  bandes  de  caoutchoucrie  panier.  Ce 
systyme  permet : 

•  de  stabiliser  la  tuyauterie  souple  et  le 
coupling  pendant  le  vol 


20-3 


•  de  faciliter  I'approche  et  le  contact  lors  du 
ravitaillement.  Cette  approche  est 
essentiellement  contrdlte  par  le  pilote  du 
ravitailld. 

La  tuyauterie  souple  absorbe  les  mouvements  relatifs 
entre  le  ravitailleur  et  le  ravitailld  accoupld.  A  ce 
moment,  la  pointe  de  I'avion  ravitailld  est  k  environ 
20  metres  de  I'aiticulation  du  mat  du  ravitailleur. 

Le  KC13S  F  est  th^oriquement  capable  de  d^biter 
2260  litres  de  carburant  sous  une  pression  de  3,5  bars 
conform6ment  ii  la  notme  US  MIL-F-38363-B. 

A  partir  de  1993,  certains  KC-135FR  vont  etre 
i6trofltds  de  pods  Flight  Refuelling  MK  32B,  install6s 
en  extremity  de  chaque  voilure,  rendant  ainsi  ces 
avions  capables  de  ravitailler  3  avions  k  la  fois  ou  dc 
pouvoir  ravitailler  les  boeings  AWACS  en  r66quipant 
le  dispositif  sous  fuselage  du  syst^e  standard 
(boom). 

Ce  pod  d6roule  environ  IS  metres  de  tuyauterie 
souple  pour  ravitailler.  Les  performances  attendues 
sont  de  I'ordre  de  750  1/nm  sous  3,5  bars  de  pression. 

Les  Super-Etendards  ravitailleurs  de  lA^ronavale 
sont  dquipds  d'une  nacelle  de  ravitaillement  en  vol  de 
type  Eioi^las  D827-B,  fabriqu6e  sous  licence  par  la 
soci6td  Intertechnique.  Ils  eflectuent  I'ensemble  des 
missions  de  ravitaillement  sur  les  porte-avions 
actuels.  La  nacelle  est  pourvue  d'une  tuyauterie 
souple  d^roulable  d'environ  IS  metres  de  long.  Les 
caract6ristiques  des  couplings  en  extremity  sont  aussi 
conformes  au  STANAG  3447  annexe  B,  ce  qui 
preserve  une  interoperability  entre  les  Armees. 

Les  performances  en  debit  sont  de  I'ordre  de  750/mn 
sous  une  pression  moyenne  de  3,5  bars. 

Le  domaine  de  ravitaillement  du  KC135  FR  s'etend 
de  200  kt  e  325  kt  d  des  hautes  altitudes;  celui  du 
Super-Etendard  est  limite  i  280  kt  maxi  (par  la 
nacelle)  mais  n'a  pas  de  contrainte  en  altitude. 

CONCEPTION  DE  LA  PLATE-FORME 

3.1  Generalites 

Une  conception  reussie  d'un  circuit  de  ce  type  repose 
aujourd'  hui  sur  deux  facteurs; 

•  la  rigueur  de  defmition,  1'  examen  des 
reglementations  fnmfaises,  STANAG,  ou 
americaines;  en  1'  occurence,la  standardisation 
des  materiels  utilises  pour  le  ravitaillement  est 
basee  sur  les  normes  americaines. 

•  le  retour  cf  experience,  qu'on  peut  aussi  nommer 
savoir-faire,  ou  comment  appiecier  la  limitation 
des  regies.  Avec  I'  evolution  des  technologies,  la 
sophistication  des  moyens  de  calcul,  et 
correiativement  les  demandes  de  performances 
de  plus  en  plus  exigeantes,  les  regies  sont 
souvent  poussees  k  leur  limite;  elles  sont 
(failleurs  les  premieres  i  le  reconnaitre,  leur 
demiere  edition  ressemble  plutdt  k  des 
recommandations.  11  importe  alors  au  concepteur 


de  justifier  les  solutions  qu'  il  a  prises  devant  ses 
specificateurs. 

La  conception  du  systeme  de  ravitaillement  en  vol 
sur  RAFALE  a  respecte  cette  demarche  que  les 
exemples  qui  suivent  vont  essayer  d'illustrer. 

3.2  Perche  de  ravitaillement :  criteres 
d' implantation 

3.2.1  De  quel  cote  ? 

Sur  les  avions  de  combat  fianfais,  le  ravitaillement 
en  vol  est  effectue  au  moyen  d'une  perche  exteme . 

L'implantation  de  cette  demiere  verifie  les  contiaintes 
d'encombrement  du  panier  de  ravitaillement 
specifiees  dans  le  STANAG  3447. 

Sur  le  demonstrateur  Rafale  A,  I'experience  a  montre 
que  les  derogations  n'etaient  pas  admises:  une  sonde 
de  pression  d'essais  a  ete  arrachee  2  fois  lors  de  la 
premiere  campagne  en  vol,  car  son  installation  ne 
respectait  pas  le  gabarit  recommande. 

Le  choix  du  cote  de  la  perche  ne  fait  par  contre  I'objet 
d'aucune  contrainte  incontoumable.  Les  avions 
Dassault,  prototypes  ou  de  serie,  ont  la  perche 
implantee  e  droite,  gauche,  parfois  meme  au  centre, 
ce  qui  simplifie  le  debat ! 

Le  Rafale  etait  initialement  dote  d'une  perche  k 
gauche,  tradition  propre  A  un  bireacteur  selon 
Dassault.  En  effet,  une  explication  possible  s'appuie 
sur  le  fait  que  I'approche,  puis  la  tenue  de  la  position 
de  I'avion  ravitailie  est  contrdiee  en  vitesse  par  le 
regime  moteur  ;  le  pilote  maitrise  plus  facilement 
I'avion  avec  la  manette  des  gaz  du  moteur  droit  plus 
accessible  ;  le  moteur  gauche  A  une  position  de 
regime  intermediaire  fixe  est  moins  susceptible  A  une 
ingestion  accidentelle  de  carburant  lors  des  phases  de 
connexion/deconnexion. 

Pour  une  perche  fixe,  la  position  droite  est  prefeiAe ; 
elle  permet  de  dAgager  la  visibility  du  pilote  en 
approche  terrain  lors  du  dernier  virage  qui  a  lieu  le 
plus  souvent  sur  la  gauche. 

Sur  Rafale,  la  manette  des  gaz  est  unique  pour  les  2 
moteurs  ;  d'autre  part,  le  temps  de  rAponse  et  la 
fourchette  de  variation  de  poussAe  de  ces  demiers 
sont  tels  que  les  principes  de  pilotage  anciens  sont  A 
rAviser. 

Par  contre,  les  pilotes  de  I'AAF,  entrainAs  A  former  "Ij 
bouche  A  droite”  derriAre  le  Boeing  KCI35  sur  les 
avions  en  service  tels  que  les  Mirage  FI  ou  Mirage 
2000  ont  demandA  A  revenir  A  une  perche  implantAe  A 
droite  sur  Rafale,  une  des  premieres  modifications 
adoptees  lors  du  dAveloppement  du  programme. 

3.2.2  Perche  fixe  ou  retractable  ? 

Sur  Rafale  C,  la  perche  est  fixe  et  amovibie  ;  elle 
peut  etre  installAc  suivant  mission,  au  mAme  titre  que 
pylAnes  ou  emports . 
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Pour  la  version  Rafale  ^  le  besoin  est  diffiirent :  la 
perche  est  un  ilteent  in^spensable  pour  toutes  les 
missions  de  I'avion  dvoluant  i  paitir  du  Poite-avions . 

Cmformdment  d  ce  besoin  difKrent,  et  sans  pdnaliser 
a  primi  I'avion  vis  A  vis  (fautres  crit^res,  la  perche  du 
Rafale  M  initialement  retractable  et  implantde 
dans  la  paitie  avant  droite  du  baquet  pilote, 
ctanmundi^t  appelde  "bajoue*.  La  retraction  etait 
commandee  par  un  verin  hydraulique  relie  i  I'un  des  2 
circuits  hydrauliqiies  de  I'avion.  La  sortie  pouvait  etre 
effectuee  en  secours  sur  le  2eme  circuit 

A  la  suite  des  {xemiers  maquettages  ayant  pour  but  de 
presenter  rarchitecture  interne  d^  avions  aux 
Services  Oiliciels,  une  analyse  de  la  valeur  a  ete 
lancde  e  la  demaitde  de  I'Aenmvale  dans  un  souci  de 
rapprocher  la  definition  des  cellules  et  par  Ui  de 
reduire  les  coOts.  Cette  analyse  a  permis  1'  adoption 
de  la  perche  fixe  sur  Rafale  M,  qui  a  meme  ete 
install^  en  rattrapage  sur  le  premier  avion  de 
develr^^iement.  Rafale  MOl,  en  cours  de  fabrication  i 
repoque. 

Le  couple  d'evaluation  coOt/performance  a  ete 
determinant ;  les  parametres  les  plus  importants  ont 
ete  :  masse,  amenagement,  trainee,  fiabilite  et 
maintenance,  securite,  utilisation  operationnelle, 
discretion. 

Ces  aspects  de  definition  qui  n'avaient  pas  ete 
abordes  finement  dans  la  phase  initiale  de 
developpement  ont  ete  examines  et  optimises  dans  le 
cadre  ^  cette  etude. 

3.2.3  Criterei  de  positionnement  de  la  perche 

Outre  le  cdte,  le  critere  de  positionnement  de  la 
perche  et  de  stm  extremite  est  un  souci  qui  intervient 
dans  la  definition  initiale  de  la  cabine.  II  fait 
beaucoup  appel  d  I'experience  des  utilisateurs  et  du 
constructeur. 

Le  positionnement  de  I'extremite  de  perche  est 
primordial  surtout  dans  le  cas  d'une  perche  fixe,  il 
doit  satisfaire  2  exigences  apparemment 
contradictoires : 

•  etre  bien  visible  lors  de  la  phase  de 
ravitaillement, 

•  se  faire  "oublier"  pendant  les  autres  phases  du 
vol.  il  est  preferable  que,  vu  du  pilote,  le  gland 
soit  situe  sous  I'horizon  pendant  les  vols 
stabilises, 

Sur  Rafale,  la  perche  et  son  mfit  ont  ete  places  de 
telle  fafon  qu'ils  se  retrouvent  masques  par  le 
montant  du  viseur  tdte  haute.  Cette  position  permet 
(feviter  un  trouble  binoculaire  en  bordure  de  la  glace 
du  viseur  holographique  od  sont  presentees  des 
symbologies  collimatees  d  I'infini. 

On  ne  pent  definir  la  position  de  1'  extrimite  de  la 
perche  sans  verifier  qu'  elle  est  compatible  de  I'emploi 
du  phare  de  ravitaillement  inteine,  dont  1'  installation 
est  trds  contiaignante. 


En  effet,  lors  du  ravitaillement  detriere  KC13S, 
lOperateur  Ravitailleur  en  Vol,  qui  se  trouve  dans  le 
ravitailleur,  a  un  r61e  primor^  car  il  contrdle  la 
manoeuvre  (fapproche  et  la  securite  du  transfert.  De 
nuit,  cette  operation  est  rendue  encore  plus  delicate  et 
il  lui  faut  la  meilleure  visibilite  possible  sans  etre 
pour  autant  aveugie. 

De  s(Mi  cdte,  le  pilote  doit  pouvoir  observer  le  panier 
eclaire  pendant  la  phase  ^tq^voche  terminale  ainsi 
que  I'extremite  de  la  perche,  sans  subir  aucun 
ddsagrement  provenant  d'un  reflet  de  lumidre  parasite 
en  cabine  ou  d'un  eclairage  indiscret 

Sur  Rafale,  le  phare  de  ravitaillement  est  instalie  en 
'bajoue*  droite  au  niveu,'  du  pilote ;  il  est  retractable 
sous  Taction  (fun  verin  eiectrique.  Son  allumage  est 
commande  par  le  pilote  au  moyen  d'une  commande 
situee  sur  la  manette  des  gaz. 

3.3  Technologic,  structure 

3.3.1  Dimensionnement  de  la  perche 

Le  dimensionnement  de  la  perche  fixe  et  de  son 
attache  sur  le  fuselage  est  determine  par  2  principaux 
criteres 

•  La  tenue  &  Tenveloppe  des  efforts  lors  du 
ravitaillement. 

•  La  tenue  &  Tengagement  dans  la  bairiere  (farret 
detresse. 

1/  La  determination  des  efforts  engendres  par  !e 
(lanier  lors  du  ravitaillement  repose  sur  les  \aleuis 
preconisees  pour  I'utilisation  derriere  Boeing  KC  1 35. 

Les  valeurs  ont  neanmoins  ete  periodiquement 
reevaluees  e  chaque  generation  nouvelle  d'avion  suite 
e  des  campagnes  d'essais  en  vol  et  e  des  releves  et 
expertises  d'incidents  recueillis  chez  les  utilisateurs. 

Les  2  cas  majorants  en  effort  sont  rencontres  : 

•  i  Tactrochage  du  panier,  correspondant  e  un 
choc  longitudinal  pur. 

•  au  decouplage  en  fin  de  transfert,  oil  Teffort 
longitudinal  plus  faible  est  combine  i  un  choc 
radial  provoque  par  la  deconnexion. 

Le  dimensionnement  du  fusible,  situe  i  la  liaison 
entre  le  gland  en  extremite  et  la  perche  est  le  point 
sensible,  car  le  dimensionnement  du  teste  <le  la 
structure  du  mAt  et  du  fuselage  s'en  deduit  par 
Tempi  lage  des  coefficients  de  marge  adequats. 

2/  Par  rapport  i  la  forme  et  en  fonction  de  la 

prodminence  de  la  perche,  le  nombre  de  brins 
ramassds  par  celle-ci  lors  chm  arrfit  ddtresse  et  la 
(Mediation  attendue  permettent  de  determiner  quelle 
doit  etre  T  effort  que  ^it  endurer  le  pied  de  pen^.. 
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3.3.2  Mattriau 

La  perche  du  Rafale  dtait  con9ue  initialement  en  acier 
1SCDV6,  comme  celles  des  avions  Dassault 
pr6c&ients.  Plusieurs  raisons  ont  dtd  ddtenninantes 
pour  retenir  finalement  le  titane  TA6V  pour  le  Rafale: 

•  I'exp^ence  sur  les  avions  pitlc^dents  a  montr^ 
que  les  tubes  de  perche  ont  rencontre  des 
probl^es  de  fatigue  dus  d  des  utilisations  plus 
fi^uentes  qu'estimdes  initialement,  fati^ 
cau^  par  les  chocs  r^t^  du  panier. 
L'utilisation  syst^matique  de  la  perche  sur  la 
version  Marine  a  ctmduit  i  remettie  en  cause 
I'acier  comme  matdriau  de  base  initial. 

•  les  progr^  techniques  des  fondeurs  qui  ont 
peimis  d*  obtenir  des  ^bauches  couldes  en 
TA6V  avec  des  caract^stiques  m^caniques  tr^ 
bonnes  et  homogtoes;  outre  les  contraintes 
admissibles  maintenant  comparables  entre  acier 
et  titane,  le  titane  pr^sente  une  resilience  aux 
basses  temperatures  meilleure  que  I'acier,  c'est  i 
dire  une  caiacteristique  de  comportement  au 
choc  plus  eievee.  Ce  gain  de  sante 
metallurgique  permettra  de  resoudre  une  bonne 
partie  d^  phenomenes  de  fatigue  theimique 
lenumtres  avec  le  materiau  precedent. 

•  Le  gain  de  masse  est  de  I'cmlre  de  30%  sur  la 
masse  totale  de  la  perche  ,  bien  que  plus  chere 
en  fabrication,  la  perche  en  technologie  TA6V  a 
beaucoup  (favantages ;  le  surcofit  est  compensd 
par  la  reduction  tres  importante  de  cycle  en 
fabrication,  liee  au  procede  utilise. 

La  settle  incertitude  qui  restait  d  verifier  en  vol 
concernait  la  souplesse  plus  grande  attendue  de  cette 
perche,  dOe  k  I'allongement  relatif  plus  fort  du  titane 
sous  une  meme  contrainte;  des  calculs  de 
comportement  aeroeiastique  ont  ete  effectues  au 
moyen  d*  ELFINL  logiciel  de  calcul  structure 
developpe  par  Dassault,  afin  de  mettre  en  evidence 
(feventuelles  interactions  entre  les  modes  proptes  de 
la  perche  et  cetix  du  fuselage  (  flutter)  .  Aucun 
phenomene  redhibitoire  n'a  ete  deceie. 

Lots  des  essais  en  vol,  un  bufleting  transversal  de  la 
perche  a  ete  observe  pour  des  vitesses  transsoniques, 
basse  altitude  et  fort  facteur  de  charge.  Suite  i  cette 
COTistatation,  des  acceierometrcs  ont  ete  implantes  le 
long  du  mAt  de  perche  pour  recheicher  ces  modes  de 
couplage  et  les  comparer  A  ceux  issus  du  calcul. 

AprAs  depouillcment  des  essais,  les  conditions  d' 
ancrage  en  partie  inferieure  ont  ink  incriminees.  Les 
renforcements  locaux  cdte  structure  appliques  sur  les 
avions  suivants  devraient  tAsoudre  le  probieme  ;  le 
phenomene  n'offie  pas  de  risque  de  ^vergence  de 
type  explosif,  mais  il  est  jugA  gAnant,  car  vraiment 
tr^  visible  par  le  pilote  I 

3.3.3  Description  -  fabrication 

La  perche  est  une  piAce  monobloc  composAe  de  la 
partie  exteme,  mAt  et  piAce  rfaccrochage  du  gland  en 
exticmitA,  et  tfune  partie  interne  qui  s'  encastre  dans 
la  structure  du  ftiselage  au  moyen  (hme  chape  et  (fun 
doigt  de  centnige;  ce  principe  daccrochage  simple  est 
coiifu  pour  (aciliter  les  opArations  de  pose-dApose. 


Dans  sa  definition  actuelle,  la  perche  est  monobloc  et 
composAe  de  3  AlAments,  Abauches  coulAes  et  creuses, 
rAusinAs  localement  avant  d'etre  soudAs  entre  eux 
(procAdA  TIG  :  Tungsten  Inert  Gas). 

L'apport  de  CATTA,  logiciel  de  CFAO  utilisA  chez 
Da^ault  Aviation,  a  AtA  dAtermiiumt  pour  la 
realisation  des  Abauches  coulAes.  Le  procAdA  de  cire 
perdue  utilisA  a  peimis,  en  exploitant  directement  les 
modAles  pour  la  (XMiunande  numArique,  de  respecter 
des  tolArmces  de  gAomAtrie  et  d'interchangeabilitA 
jamais  obtenues  auparavant  pour  une  telle  piAce . 

Pour  I'exemple,  les  efiets  de  retrait  piAvisibles  en 
fabricati(Mi,  dhs  aux  deformations  theiiniques  subies 
par  le  matAriau  lors  de  la  coulAe  (effet  d'homothAtie), 
ont  Ate  corrigAs  dAs  1'  usinage  des  monies,  A  partir  du 
modAle  de  conception  initiale. 

3.4  Aerodynamique 

3.4.1  Hypothese  de  travail 

Les  formes  de  la  perche  de  ravitaillement  ont  AtA 
dAterminAes  A  1'  issue  d*  une  phase  de  definition  qui  a 
mis  en  oeuvre  des  moyens  d'Atude  thAoriques  et 
expArimentaux. 

Cette  approche  mixte  est  assez  representative  de  la 
fafon  de  Dassault-Aviation  d*  abor^  ces  problAmes 
typiques  de  conception. 

Dans  le  cadre  de  contraintes  gAomAtriques 
nombreuses : 

•  position  et  forme  du  gland  (fextremitA 

•  gabarit  d'  encombrement  du  panier 

•  point  d'  ancrage  sur  la  structure 

•  section  minimale  du  mAt  (  pour  limiter  les 
pertes  de  charge  lors  du  transfert ), 

les  etudes  aArodynamiques  avaient  pour  objectif  de 
rAduire  les  perturbations  de  I'  ^ulement  d'air 
introduites  par  la  perche  A  un  niveau  acceptable  tout 
en  gardant  une  gAomAtrie  simple  pour  la  falMcation. 

Les  perturbations  aArodynamiques  principalement 
AtudiAes  conceroent  la  trainAe  supplArnentaire  dhe  A 
la  perche  et  les  interactions  avec  1'  Acoulement  A  1' 
entiAe  cf  air  moteur. 

L'  experience  de  Dassault  de  ce  type  de  perche,  ainsi 
que  (ies  essais  en  soufllerie  piAlitninaires,  ont  montrA 
que  les  limites  de  fimctionnement  de  1'  entiAe  (f  air  en 
supersonique  (limites  dOes  au  phAimmAne  de  "buzz* ) 
sont  sensibles  A  I'installation  d  une  perche  de 
ravitaillement.  Dans  le  cas  (femport  d  un  rAservoir 
ventral,  des  interactions  nAfastes  entre  perche  et 
rAservoir  dAgradaient  ces  limites. 
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3.4.2  Diroulemeiit  des  itudes 

Cmnpte  tenu  des  contraintes  g6(Hn6tTique8  impos6es 
pour  le  nodt  de  perche,  les  paramitres  disponibles 
pour  rdaliser  le  bm  compromis  sont  la  loi  de  vrillage 
et  le  profil. 

Les  outils  numdriques  (Hit  permis  d*  dtablir  les  lois  de 
vrillage  adaptdes  aux  conditions  de  vol  critiques  pour 
r  ent^  (f  air.  Ces  outils  thdoriques  ont  dgalement 
permis  d*  dvaluer  la  trainde  des  difTdrentes  fonnes  de 
perche  ddfinies  en  associant  les  lois  de  vrillage  et  les 
difTdrentes  formes  de  profil. 

Les  (Hincipaux  codes  utilisds,  ddveloppds  par  la 
Direction  (te  Etudes  Avancdes,  ont  dtd : 

•  le  code  AURORE  en  supersonique,  utilisant  la 
mdthode  des  singularitds;  il  a  servi  en  ddbut  d' 
dtude  d  1'  identification  des  principaux  effets, 
puis  ultdrieurement  d  des  balayages  des 
solutions  potentielles  sur  difTdrent  cas  de  vol 
(Mach,  incidence ,  ddrapage) 

•  le  code  EULER  ,  qui  s'appuie  sur  la  rdsolution 
des  iquaticns  tri(liniensi<ninelle  d'  Euler  en 
fluide  parfait ;  il  a  permis  de  mener  les  analyses 
fines. 

Les  essais  (f  entrde  d'  air  en  soufflerie  ont  utilisd  une 
maquette  d  T  dchelle  1/4  ,  dquipde  de  prises  de 
pression  instatiimnaires  ;  ils  se  sont  ddroulds  dans  I 
soufilerie  de  S2  Modane  de  1'  ONERA. 

Ces  essais  ont  donnd  les  limites  de  *  buzz”  et  les 
critdres  de  compatibilitd  entrde  d*  air  /  moteur  pour  T 
ensemble  du  domaine  de  vol  supersonique.  Les 
difTdrentes  configurations  d'  emports  extemes  ont  dtd 
dtudides : 

•  perche  rdservoir  sous  fuselage 

•  perche  +  MICA ,  etc... 

Les  rdsultats  d'  essais  ont  permis  de  tirer  les  lois  de 
vrillage  et  les  formes  de  profil  les  plus  efficaces  vis  d 
vis  de  ces  critdres  :  la  forme  de  perche  retenue  rejette 
les  limites  de  *  buzz  ”  hors  du  domaine  de  vol, 
objectif  pour  toutes  des  configurations  envisagdes  en 
supersimique. 

3.4.3  Bilan 

Les  dtudes  adrodynamiques  utilisant  les  outils 
thdoriques  et  les  essais  en  scHifnerie  ont  permis  de 
ddfmir  une  forme  de  perche  de  ravitaillement  qui : 

•  req;)ecte  les  (xmtraintes  gdiHndtriques  imposdes 
par  T  architecture  avion  et  le  transfert  de 
carburant, 

•  reprdsente  un  suppidment  de  tratnde  qui  a  dtd 
ju^  acceptable  (  I  .S  %  de  la  trainde  avion 
lisse  en  palier  supersonique ) 

•  n'  introduit  pas  de  limitation  du  (fomaine  de  vol 
par  rapport  d  celui  de  T  avion  sans  perche 


•  reste  de  gdomdtrie  simple  (  sectiiHi  de  profil 
biconvexe,  vrillage  de  mat  lindaire  ). 

Aujourd'  hui,  le  comportement  constatd  en  vol  sur 
Rafale  n'  a  pas  remis  en  cause  le  choix  effectud 

3.5  Discretion 

La  f(Hme  de  la  perche  fixe  saillante  peut  contraster 
avec  les  formes  relativement  adoucies  du  Rafale  qui 
font  partie  des  mesures  immddiatement  visibles 
rdalis^  pour  limiter  la  signature  diectromagndtique 
de  I'avicui. 

Sur  ce  point,  il  est  ndeessaire  de  mentionner  I'objectif 
du  Rafale  en  vulndrabilitd  :  dans  un  souci  de 
cohdrence  lid  d  la  polyvalence  de  ses  missions 
futures,  le  Rafale  est  un  avion  de  combat  discret  mais 
non  fiirtif. 

L'  influence  de  la  perche  sur  la  signature  de  I'avion  a 
dtd  analysde  et  traitde  conune  Test,  par  exemple,  celle 
des  points  d'emports.  A]Hds  traitement,  le  niveau 
relatif  de  la  perche  sur  le  bilan  total  a  dtd  mesurd  et 
jugd  acceptable  par  rapport  aux  objectifs  globaux. 

Pour  I'anecdote,  I'extrdmitd  mdtallique  du  gland  de 
perche  est  de  forme  hdmisphdrique ;  elle  peut 
constituer  une  bonne  rdfdrence  pour  I'dtalonnage  des 
moyens  de  mesure  de  signature  ! 

4.  CONCEPTION  DU  dRCUTT  CARBURANT 

4.1  Architecture  des  reservoirs 

La  capacitd  interne  du  Rafale  lui  confdre  ddjd  une 
autonomie  propre  importante. 

Les  rdservoirs  internes  du  Rafale  sont  subdivisds  en  2 
sous-ensembles  gauche  et  droit,  de  capacitd 
sensiblement  identique  et  affeetds  respectivement  aux 
rdacteurs  gauche  et  droit. 

On  distingue  pour  cheque  sous-ensemble  : 

•  un  rdservoir  avant  centrd  d  I'avant  du  fuselage, 

•  un  rdservoir  structural  de  voilure  constitud  par 
le  caisson  central, 

•  un  rdservoir  ’nourrice”  en  fuselage,  situd  en 
amont  de  la  tuyauterie  d'alimentation  rdacteur. 

Le  caisson  de  ddrive  forme  aussi  un  rdservoir  de 
carburant ;  il  se  ddverse  simultandment  dans  les  2 
nourrices. 

La  quantitd  de  carburant  interne  est  supdrieure  d 
6000 1.  L'avion  est  capable  de  S  rdservoirs  extemes 
largables : 

•  un  rdservoir  sous  fuselage  de  2000  1  de 
capacitd, 

•  deux  rdservoirs  par  demi-voilure,  de  2000 1  de 
capacitd  au  point  1  (femport  de  charge,  de 
I2S0 1  au  point  2. 
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La  capacity  maximale  d'emports  en  carburant  du 
Rafale  est  supdrieure  d  14500  1,  ce  qui  est 
relativement  important  pour  un  avion  de  cette  classe. 

4.2  Circuit  de  transfert-rempiissage 

4.2.1  Description  resume 

Le  transfert  des  reservoirs  est  efTectud  principalement 
par  pression  (fair  gendre  par  un  circuit  situd  en 
ddrivatitm  du  circuit  de  conditionnement  d'air. 

Le  remplissage  au  sol  s'efiectue  par  un  coupleur 
unique  conforme  au  STANAG  3105,  situd  d  gauche 
de  I'avion. 

En  aval,  les  tuyauteries  du  circuit  de  remplissage  vont 
distribuer  tous  les  rdservoirs  de  I'avion.  Pour  les 
rdservoirs  extemes,  de  voilure  et  de  ddrive,  ces 
tuyauteries  sont  p^ois  communes  avec  celles  de 
transfert,  dans  un  souci  de  simplification  et  de  gain  de 
masse. 

La  tuyauterie  de  ravitaillement  en  vol  en  aval  de  la 
perche  vient  se  brancher  sur  la  ligne  ixincipale  du 
circuit  de  remplissage  sol. 

Le  dimensionnement  du  circuit  en  pression  est 
conforme  aux  normes  US  en  vigueur,  avec  quelques 
adaptations  pour  dtre  compatible  des  normes  de 
dimensionnement  fianfaises  appliqudes  sur  I'avion. 

Le  circuit  de  remplissage  en  vol  est  dimensionnd  pour 
une  pression  nonunale  de  3.5  bar. 

Les  phdnomdnes  de  surpression  sont  traitds  avec  soin: 
ils  peuvent  ddpasser  de  plusieurs  fois  la  pression 
nominale,  cas  qui  engagent  la  sdcuritd  de  I'avion ;  ils 
se  produisent  en  particulier  lots  de  la  fermetuie  et 
I'ouvertuFe  du  circuit,  c^>^tion  parfois  normale  ou 
d'autres  fois  aldatoires  comme  un  d^rochage 
accidentc!  du  panier  lots  du  transfert. 

Les  marges  de  dimensionnement  sont  respecttes  et 
les  essais  d'ancrage  des  tuyauteries  sont  rdalisds  avec 
rigueur 

4.2.2  Cri(4res  importants 

La  fonction  ravitaillement  en  vol  doit  satisfaire  en 
priority: 

-  La  sdcuritd : 

Le  transfert  et  le  remplissage  ne  nicessitent 
aucune  intervention  (Tun  calculateur  ni  du  pilote. 
En  particulier,  le  centrage  est  peu  sensible  A  ces 
operations. 

La  sdcurisation  des  fonctions  est  <fun  ordre 
superieur  A  2  pour  les  pannes  dites 
catastroi^ques  pour  i'avion. 


Les  performances  en  temps  de  remplissage  sont 
tributaires  des  perte  de  charges  dans  les  lignes; 
ces  pertes  de  charge  paitielles  doivent 
Avidemment  etre  les  plus  faibles,  mais  elles 
doivent  aussi  Atre  cohArrates  entre  ell^,  afin  que 
les  fms  de  remplissage  intermAdiaires  ne  gAnArent 
pas  de  dAsAquiiibre. 

4.3  Commandos  et  contrdles  pilote 

La  mise  en  configuration  des  rAservoirs  pour  le 
remplissage  en  vol,  quand  le  pilote  bascule 
I'inteiTupteur  de  commande  situA  en  banquette,  se 
limite  A  I'ouverture  des  vannes  de  remplissage  des 
groupes.  Pendant  le  remplissage,  seul  le  transfert  des 
rAservoirs  extemes  sur  la  ligne  commune  est  arrAtA, 
il  n'est  pas  perturbA  vers  les  nourrices  ni  les  moteurs. 

Lots  du  basculement  de  I'interrupteur  ravitaillement 
sur  manche,  la  VTL  droite  prAsente  automatiquement 
la  page  CAMURANT ; 

Celle-ci  prAsente  les  informations; 

•  du  niveau  des  rAservoirs  internes  ou  extemes 
jaugAs, 

•  de  la  quantitA  de  carburant  dAIivrAe,  dont  la 
croissance  pendant  le  plein  pent  etre  surveillAe. 

Le  bon  dAroulement  du  ravitaillement  est  vArifiA  par 
les  informations  de  jaugeage.  En  fm  de 
ravitaillement,  le  pilote  met  A  jour  la  quantitA 
carburant  restante,  soit  en  la  recalant  sur  la  quantitA 
jaugAe,  soit  en  renseignant  et  validant  la  quantitA 
dAlivr^,  information  transmise  par  le  ravitailleur. 

4.4  Performances  :  objectifs,  essais  realises 

Les  essais  de  performances  de  transfert  en  vol  ont  AtA 
rAalisAs  derriAre  Boeing  KC135FR,  Rafale  en 
configuration  lisse  uniquement. 

Pendant  ces  essais,  la  pression  de  ravitaillement 
foumie  par  le  ICC  135  avec  2  ou  4  pompes  est  restAe 
infArieure  A  la  pression  nominale  de  3,5  bar.  Au  fur  et 
A  mesure  de  la  diminution  de  la  permAabilitA  du 
circuit  (fermeture  successive  des  diverses  vannes),  la 
pression  de  ravitaillement  augmente.  A  la  fm  du 
remplissage,  pour  un  dAbit  nul,  la  pression  maxi  a 
atteint  environ  6  bar.  MAme  aprte  recalage  des 
pressions  initiales,  les  valeurs  restent  infArieures  A  la 
pression  d'Apreuve  de  12,5  bar. 

AprAs  correction  des  pressions  initiales,  les  valeurs  de 
dAbit  moyen  sont  largement  au-dessus  des  exigences 
de  la  norme  MIL-F-38363B.  En  partant  de  10%  de 
carburant  interne  restant,  et  pour  des  conditions 
nominales,  la  durAe  de  remplissage  en  vol  de  1'  avion 
en  configuration  lisse  est  infArieure  A  4  minutes. 


Les  performances : 

Le  remplissage  du  carburant  s'efTectue 
simultanAment  dans  les  difTArents  rAservoirs. 
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S.  ESSAISENVOL 

S.  1  Systeme  de  commandes  de  vol 

Le  ravitaillement  en  vol  est  un  rendez-vous  essentiel 
des  Essais  en  Vol  car  il  permet  de  constater  la 
pilotabilitd  de  Tappareil  et  la  validity  des  premiers 
rdglages  de  commandes  de  vol.  Le  systeme  de 
CcHnmandes  de  Vol  est  un  syst^e  complexe  dont  la 
r^ussite  conditionne  souvent  celle  de  tout  le 
programme  de  1'  avion. 

Le  Rafale  est,  dans  la  lignte  progressive  des 
Dassault,  un  avion  Delta-canard  dont  rapport 
poussde/poids  de  Tordre  de  1 ,2  d  la  masse  de  combat, 
lui  conf^  une  tr^  grande  manoeuvrability,  un  des 
yiyments  elds  des  fleh^  programme  des  Etats-majors. 

Son  dquilibre  est  assury  au  moyen  de  1 1  gouvemes, 
dont  le  pilotage  est  effectuy  par  les  commandes  de  vol 
numyriques.  Certains  modes  utilisent  les  ryacteurs 
comme  2  gouvemes  suppiymentaires. 

L'architecture  du  systyme  de  Commandes  de  Vol  du 
Rafale  est  basde  sur : 

•  un  mode  principal  assurd  par  3  calculateurs 
numyriques  agissant  sur  I'ensemble  des 
gouvemes  de  I'avion, 

•  un  mode  secours  analogique  qui  agit  sur  les 
gouvemes  principales  de  I'avion  (yievons  et 
dtapeau). 

Comme  tout  systyme  complexe,  il  se  reoon/igure 
auUnnatiquement,  aprys  apparition  de  panne  double 
dans  divers  modes  dygradys.  Le  mode  secours 
analogique,  peut  se  dyclencher  automatiquement 
dans  les  cas  critiques,  ou  par  sdlection  du  pilote. 

Les  modes  dygradds  interessant  la  pilotability  en 
ravitaillement  correspondent  A : 

•  la  double  panne  d'anynomytrie  ytablie  (gains 
foifaitaires) 

•  la  double  paime  de  numyrique  (pilotage  en 
secours  analogique) 

Pour  assurer  la  fonction  ravitaillement  avec  un  bon 
taux  de  ryussite,  il  importe  de  ryaliser  des  essais  en 
vol  avec  des  procures  spycifiques  afm  de  : 

•  rygler  et  mettre  au  point  les  lois  de  pilotage 
dans  la  configuration  nominate,  et  ses  diflfyrents 
ytats  possibles, 

•  vyrifier  et  i^gler  les  modes  dygradys  en  les 
for9ant  pendant  les  essais. 

Cette  bryve  description  de  l'architecture  des  CDVE  du 
Rafale  montre  qu'il  faut  ytudier  et  pouvoir  yvaluer  en 
vol  un  nombre  important  de  configurations  afm  de 
valider  toute  fonction  I'impliquant  fortement. 


Dans  de  nombreux  domaines,  le  Rafale  a  fhmchi  des 
ytapes  technologiques  importantes  par  rapprxt  au 
Mirage  2000,  dmier  avion  de  combat  en  utilisation 
opyrationnelle  de  Dassault;  dans  celui  des 
conunandes  de  vol  et  du  pilotage  en  particulier, 
certains  concepts,  tout  en  s'  inscrivant  dans  la 
continuity  qui  font  la  ryputation  de  Dassault,  sont  trys 
novateurs: 

•  Le  concept  des  commandes  de  vol  numyriques 
dyjy  yvoquy  a  pour  but  d'assurer  un  niveau  de 
sdeurity  en  vol  yievy.  n  fallait  vyrifier,  dans 
toutes  les  reconfigurations  possibles  des 
commandes  de  vol,  I'aptitude  de  I'avion  au 
ravitaillement. 

•  L'anymobaroclinomytrie  est  un  capteur  essentiel 
pour  les  commandes  de  vol;  celui-ci  repose  sur 
Rafale  sur  un  systyme  d  base  de  4  sondes 
multifonctions  implantyes  dans  la  partie 
infyrieure  du  fuselage  avant.  Leur  sensibility 
yventuelle  aux  effets  de  turbulence,  de  sillage 
ytait  im  point  majeur  i  vyrifier  en  vol. 

•  Le  pilotage  numyrique  des  moteurs  (calculateurs 
FADEC),  est  radicalement  nouveau ;  coupiy  d  un 
temps  de  rdponse  exfidmement  rapide  ,  ces  deux 
effets  devaient  etre  dvaluds  dans  ce  cas  de 
pilotage  fin,  demandant  souvent  de  jouer  sur  les 
gaz. 

•  Le  concept  de  pilotage  par  manche  et  manette 
implantys  latyialement  apporte  un  confort 
unaninement  apprycid  par  les  pilotes.  Le 
ddbattement  du  manche  de  faible  amplitude  dtait 
un  point  important  d  valider. 

S.3  Realisation  des  essais 

5.3. 1  Dyroulement  des  essais 

Les  premiers  essais  de  ravitaillement  ont  eu  lieu  dds 
le  dybut  du  programme.  En  effet,  cette  vyrification  du 
comportement  de  I'avion  est  un  des  rendez-vous 
majeurs  dans  la  mise  au  point  de  la  plate  forme,  n  a 
yty  un  des  sujets  principaux  de  la  premidre  campagne 
d'dvaluation  oflficielle  du  Rafale  COl . 

Le  Rafale  COl  a  effectuy  son  premier  vol  le  19  mai 
1991  d  la  base  d'  essais  d'  Istres,  son  role  dans  le 
dyveloppement  du  programme  est : 

•  (fidentifier  en  vol  la  plateforme ;  ayrodynamique, 
performances,  quality  de  vol 

•  de  mettre  au  point  les  systdmes  de  base :  moteur, 
systymes  de  servitude,  I'  ergonomie  du  poste  de 
pilotage. 

Les  commentaires  sur  I'yvaluation  sont  issus 
principalement  de  cette  campagiw  effectuye  par  de 
nombreux  pilotes ,  dont  les  opyrationnels. 


5.2  Concepts  nouveaux  sur  Rafale 
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ns  inccxporent  aussi  quelques  analyses  effectutes  lors 
dHine  campagne  desssais  similaire  rdaliste  en  1989 
sur  le  dteonstrateur  Rafale  A.  Cet  avion 
ddmonstrateur  a  permis,  en  avance  snr  le  progranune 
Rafale,  de  valider  certains  concepts  nouveaux  relatifs 
au  pilotage  et  ddveloppds  depuis  le  Mirage  2000, 
dernier  avion  de  combat  en  utilisation  opdrationnelle. 

D*  autres  essais  en  vol  ponctuels  ont  lieu  par  la  suite, 
pennettant  de  valider  les  ameliorations  successives. 

5.3.2  Diverges  configurations  testees 

Dans  le  mode  principal,  divers  r^glages  des  lois  d' 
ordre  de  pilotage  fonction  du  debattement  du  manche 
ont  ete  testds  ,  en  profondeur  et  en  gauchissement. 
Toutefois,  c'  est  surtout  en  profondeur  ,  sensible  pom- 
la  precision  de  I'approche  qu'  ont  ete  testees  diverses 
lois  adoucissant  les  effets  autom  de  la  position  neutre 
du  manche  (  dites  lois  d'  amedde  ). 

Ces  rdglages  ont  subi  un  passage  prealable  sm  le 
Banc  de  Simulation  Globale,  simulatem  de  pilotage 
temps  reel,  mais  lem  mise  au  point  ne  pouvait  etre 
testte  que  sm  avion  ,  pom  verifier  ce  type  de 
comportement  en  vol  relatif  entre  2  avions  ayant  des 
caracteristiques  dynamiques  en  vol  tres  difierentes. 

Sm  avion,  les  lois  de  pilotage  sont  modifiables  en  vol 
grfice  e  un  dispositif  d'  installation  d'  essais 
commandable  en  '•abinc,  ce  qu:  a  parmis  de  comparer 
differents  types  de  reglage  pom  des  conditions  de  vol 
identiques  et  avec  le  meme  pilote. 

Bien  entendu,  les  modes  degrades  ont  ete  testes,  afm 
de  verifier  lem  pilotabilite  et  d'  y  effectuer  les 
reglages  de  mise  au  point  pom  la  fonction 
ravitaillement. 

5.3.3  Influence  du  type  des  avions 
ravitailleurs 

Les  principes  (fapproche  et  de  tenue  de  I'avion  sont 
tres  differents  suivant  les  types  d'avion  ravitailleurs. 

Le  Super-Etendard  dispose  d'un  dispositif  de 
ravitaillement  avec  nacelle  Douglas  composee  d'un 
long  tuyau  deroulable  et  d'un  panier  souple. 
L'ensemble  est  tres  sensible  au  champ 
aerodynamique  de  I'avion  ravitailie  en  rapprochement, 
ce  qui  provoque  des  mouvements  nuisibles  du  panier. 

En  plus  de  son  effet  sm  le  panier,  le  soufTle  du 
motem  du  Super-Etendard  peut  aussi  pertmber 
dissymetriquement  le  ravitailie  en  approche  fWle. 

Par  contre,  une  fois  le  contact  realise,  le  pilote  n'a  pas 
e  tenir  sa  place  avec  une  grande  precision,  le  tuyau 
retractable  permettant  un  certain  mouvement  relatif 
entre  les  deux  avions. 

Le  KC-13S,  au  contraire  est  muni  (fun  mSt  rigide 
raccorde  e  un  petit  tuyau  souple  au  bout  duquel  le 
panier  n'a  pas  une  gran^  liberie  de  mouvement. 

La  mise  en  contact  s'en  trouve  facilitee  mais  ce 
dispositif  ne  toiere  pas  de  variations  (fecartement 
entre  les  deux  avions.  La  technique  qui  consiste  e 
faire  decrire  une  boucle  au  tuyau  souple  permet  une 


petite  tolerance  avec  mouvements  relatifs.  La  phase 
de  ravitaillement  proprement  dite  ndcessite  done  un 
pilotage  plus  fin  cierriere  un  KC  135  que  derriere  un 
Super-Etendard  ;  contrairement  d  la  mise  en  contact, 
qui  est  facilitee  par  un  dispositif  rigide  moins 
sensible  au  champ  ^odynamique. 

Cette  tolerance  de  mouvement  relative  est  assez 
limitee  et  les  zones  conseiliees  ont  ete  definies  et  par 
le  c(X)structem  de  la  nacelle  du  KC13S  et  par  les 
utilisateurs  suite  i  lem  experience  sm  les  avions 
precedents. 

5.3.4  Resultats  -  techniques  de  pilotage 
utilisees 

9  pilotes  ont  effectue  des  essais  de  ravitaillement  en 
vol  sm  Rafale  A  ou  sm  Rafale  COl  au  cours  des 
campagnes. 

Suivant  lem  origine,  Armee  de  I'Air  ou  Aeronavale, 
les  techniques  utilis^  par  les  pilotes  ont  ete  parfois 
tres  differentes,  ce  qui  demontre  que  le  type  d'  avion 
ravitaillem  est  preponderant.  Les  enseignements  les 
plus  caracteristiques  sont  resumes  ci-apres  : 

•  en  approche,  la  technique  qui  consiste  i  piloter 
I'avion  par  rapport  au  panier  et  non  par  rapport  a 
une  reference  prise  sm  I'avion  ravitaillem  n'  est 
pas  la  plus  appropriee.  En  phase  finale,  le  pilote 
devient  souvent  trop  febrile  sm  le  manche. 

•  une  approche  au  panier  d  vitesse  relative  trop 
faible  n'est  pas  bonne,  car  elle  laisse  au  panier  le 
temps  de  toumer  (surtout  derriere  le  Super- 
Etendard), 

•  en  approche,  il  faut  rechercher  le  contact  dans  la 
partie  inferieme  du  panier  car  le  choc  destabilise 
moins  adrcxlynamiquement  l'ensemble  flexible 
panier. 

•  le  palonnier  a  ete  tres  peu  utilise  par  les  pilotes, 
et  s'il  I'a  ete,  son  apport  n'a  pas  ete  tres 
significatif 

•  Les  excellents  temps  de  reponse  motem  ont 
surpris  plus  d'un  pilote  dans  les  premiers  temps; 
apres  une  rapide  acclimatation,  ils  fment  un 
atout  essential  dans  les  phases  d'engagement, 
permettant  de  doser  precisement  fecartement  par 
rapport  au  ravitaillem.  Les  reserves  initiales 
quant  4  la  maitrise  correcte  et  simultanee  de  la 
poussee  des  2  moteurs  ont  ete  leves  grace  i  la 
facilite  de  contr61e  de  la  poussee  par  la  manette. 
Sm  les  avions  de  la  generation  precedente,  les 
pilotes  adoptaient  une  conduite  des  moteurs 
beaucoup  plus  predictive.  Sm  Rafale,  les  pilotes 
envisagent  de  se  servir  systematiquement  des 
moteurs  pom  la  tenue  de  vitesse  et  pom  la  phase 
de  separation  du  panier,  de  preference  k  la 
fonction  aeroffeins. 

5.3.5  Bilan  det  essais  realises 

Le  confort  d'utilisation  a  ete  apprecie  et  le 
ravitaillement  en  mode  normal  des  commandes  de  vol 
a  ete  juge  tres  sain. 
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Suite  aux  balayages  des  difKrents  riglages.  1’ 
optimisation  de  celui  de  la  loi  d'  ordre  manche  a  pu 
etre  efTectude;  elle  sera  intdgrte  compl^tement  lors 
des  futures  dtapes  de  ddveloppement  du  syst^e  de 
cotnmandes  de  vol. 

Cot^  capteurs,  le  fonctionnement  de  I'andmorndtrie  n'a 
causd  aucun  souci.  Les  mouvements  du  panier  a 
Tapproche  perturbent  bri^vement  le  fonctionnement 
de  quelques  sondes,  mais  sans  consequence  durable. 
Aucun  effet  de  sillage  dtl  au  ravitailleur  n'a  etd 
ressenti  durablement. 

Le  ravitaillement  dens  I'ensemble  des  modes  degrades 
test^  a  dtd  jugd  faisable,  plus  fatigant  derri^e 
KC135.  En  particulier,  le  pilotage  en  secours 
analogique  s'est  avdrd  correct,  un  peu  plus  fatigant 
derridreKC  135. 

En  r^sum^,  pour  tous  les  pilotes  et  en  y  incluant  leur 
phase  d'  apprentissage  du  pilotage  sur  Rafale  ainsi 
que  tous  les  r^ages  qui  ont  pu  etre  testds,  les  taux 
de  r^ussite  &  1'  engagement  et  &  la  tenue  du 
ravitaillement  ont  ddpassd  largement  80  %  dans  le 
mode  normal  et  ses  sous  conflgurations.Dans  les 
modes  d^gradds,  ce  taux  de  rdussite  est  quasiment 
aussi  dlevd. 

Au  stade  initial  du  d^veloppement,  ces  rdsultats  ont 
£t£  jug^  excellents,  une  telle  probabilite  de  succ^s  n' 
ayant  jamais  £t^  atteinte  aussi  tdt  sur  les  programmes 
pr&i^^ts. 

6.  CONCLUSION 

Les  essais  de  ravitaillement  sur  Rafale  CO  I  qui  ont  cu 
lieu  en  configuration  lisse  ont  permis  de  verifier  la 
conformity  de  I'appareil  i  ses  spteifications  :pilotage, 
fonctions,  syst^mes,  performances,  et  d'identifler  les 
points  perfectibles. 

Outre  le  parcours  d'  optimisation  privu,  pour  le 
ravitaillement  en  vol,  il  reste  encore  diverses 
coniigurations  <i  vyrifier  en  essais  sur  avions,  au  sol  et 
en  vol . 

Les  ytapes  suivantes  sont  pr^vues  dans  le  calendrier 
gynyrel  des  essais: 

•  ravitaillement  en  vol  avion  avec  ryservoirs 
extemes 

•  ravitaillement  de  nuit 

La  version  Rafale  M  est  capable  de  la  fonction 
ravitailleur.  Cette  foiKtion  n'  est  pas  pr^vue  dans  le 
premier  standard  opyrationnel  iivry  y  I'Ayronavale  en 
1997  sur  les  poite-avions  actuels.  Elle  sera  intygiye 
apris  la  mise  en  service  du  Porte-Avions  Charles  de 
Gaulle,  pr^vue  pour  1998. 
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FUTURE  TANKER  CONSIDERATIONS  AND  REQUIREMENTS 

by 
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BACKGROUND 

Starting  seven  years  ago,  the  USAF 
Aeronautical  Systems  Center  began  analyzing 
future  tanker  system  requirements  and 
developing  plans  for  satisfying  these 
requirements.  As  shown  in  Figure  1,  Frontier 
Technology,  Inc.  (FTI)  supported  the  USAF 
in  four  of  the  efforts.  Boeing  and  Douglas  did 
the  other  two  studies.  The  first  FTI  contract 
identified  future  requirements,  developed  and 
evaluated  solutions  and  wrote  a  strawman 
master  plan  for  USAF  review.  The  second 
study  evaluated  five  commercial  derivative 
tanker  concepts  and  modifications  to  the  KC-10 
and  KC-135  in  six  mission  areas. 


•  USAF  AERIAL  REFUEUNQ  MASTER  PLAN  (FnONTIEtl  1SM4T 

•  USAF  AERIAL  REFUEUNO  SYSTEM  OEV.  PLAN  (FRONTCf*  19M4S 

•  USAF  HULTLPOWT  AIR  REFUEUNO  ANALYSBIFRONTER)  1SSS41 

•  USAF  KC-tO  LOW  ALTTTUOE  OPERATION  (DOUOIAS)  1SM4S 

•  USAF  TANKER  SURVIVASUTY  EVALUATION  (90EINOI  1SS14S 

•  USAF  KC-tMRMPRS  ALTERNATIVES  (FRONTIER)  1SSS 


RGURE1.  AERONAUTICAL  SYSTEMS  CENTER 
SPONSORED  AERIAL  REFUEUNO  ANALYSES 


Frontier  has  completed  one  KC-135  multi-point 
analysis  and  is  currently  doing  a  second  one. 
The  completed  effort  determined:  (1)  the  pros 
and  cons  of  hose-drogue  refueling  and  (2)  the 
best  fuel  pumping  rate  for  the  KC-135  using 
two,  wing  air  refueling  pods.  The  current  job 


involves  a  more  in-depth,  overall  assessment  of 
operational  needs,  concepts  of  operation  and 
alternative  wing  pods.  It  emphasizes 
compatibility  with  Allied  and  U.S.  Navy 
aircraft  receivers. 

Frontier  Technology  is  presenting  two  related 
papers  at  this  AGARD  symposium  (see  Figure 
2).  This  paper  (#21)  covers  the  rationale  and 
requirements  for  multi-point  refueling.  It 
covers  trends  and  future  employment  of  aerial 
refueling  tankers,  as  well  as  the  increasing 
importance  of  interoperability. 

In  Frontier's  second  paper  (#24),  Mr. 
Copeland  provides  more  details  on  KC-135 
multi-point  rcfucUng,  emphasizing  performance 
and  effectiveness  improvements  when  refueling 
Allied  and  USN  aircraft.  This  analysis  focused 
on  individual  strike  packages  of  varying  size 
and  overall  theater  results. 


21.  FUTURE  TANKER  CONSIDERATIONS  AND  REOUREMENTS 

(1)  DISCUSS  TRENDS  RELATED  TO  FUTURE  USES  OF  TANKERS 

(2)  EXPLAIN  IMPORTANCE  OF  INTEROPERABIUTY 


24.  BOOiARECEPTACLE  VERSUS  HOSE-DROGUE  METHODS 

(1)  PRESENT  ANALYSIS  OF  MULTI-POINT  REFUEUNG 

•  INDIVIDUAL  STRIKE  PACKAGES 

•  OVERALL THEATER  RESULTS 

(2)  DISCUSS  METHODOLOGY  AND  MEASURES  OF  MERIT 


FIGURE  2.  OVERVIEW 

FRONTIER'S  PRESENTATIONS  IN  SESSION  IV 


Throughout  this  paper,  the  term  "multi-point 
refueling"  is  used.  Figure  3  defines  singlepoint 
and  multi-point  refueling.  Currently  the  KC- 
135  is  configured  as  a  single  point  tanker. 
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Either  the  boom  or  boom-drogue  adapter 
(BDA)  kit  is  used.  In  the  basic  boom 
configuration,  the  KC-135  can  refuel  all  USAF 
aircr^t,  a  small  fraction  of  international  aircraft 
and  no  USNAJSMC  aircraft.  Most  allied  and 
most  USN/USMC  aircraft  arc  probe-equipped, 
and  therefore  are  incompatible  with  the  KC-135 
boom.  KC-135  tankers  can  be  made 
compatible  with  probe-equipped  aircraft  by  the 
instaJlation  of  the  boom-drogue  adapter  (BDA) 
kit  on  the  tankers.  BDA  kits,  however,  have 
operational  and  safety  concerns. 


SINGLE-POINT  REFUEUNO 
TANKER  WITH  A  SINGLE  BOOM 
RECONnGURATION  ON  THE 

GROUND  WITH  A  SHORT  HOSE  AND  DROGUE,  CALLED  A 
"BOOM  DROGUE  ADAPTER"  (BOA)  KIT 

MULTI-POINT  REFUELING 
TANKER  WITH  A  SINGLE  BOOM 

+ 

2  WING  MOUNTED  HOSE-DROGUE  POOS 

+ 

REFUEUNG  RECEPTACLE  ON  RECEIVER 


FIGURE  3.  DEFINITIONS  OF  KEY 
TERMS  FOR  KC-13Sa 


Multi-point  refueling  does  not  use  the  BDA  kit 
It  is  compatible  with  both  probe-equipped  and 
receptacle-equipped  receivers.  This  is 
accomplished  by  adding  two  hose-drogue  pods 
to  either  wing.  The  boom  still  can  be  us^  to 
refuel  Allied  and  USAF  aircraft  as  is  currently 
done. 

TANKER  USE  IN  DESERT  SHIELD 
AND  DESERT  STORM 

Figure  4  depicts  the  scope  of  tanker  work 
performed  by  Frontier  in  air  refueling. 
However,  This  paper  focuses  on  only  the  areas 
enclosed  in  boxes.  We  emphasize  KC-135 
tanker  use  in  Desert  Shield/Desert  Sorm, 
reviewing  lessons  learned  and  pointing  out 
limitations  for  future  consideration. 
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1ER  HAS  EVALUATED  A 

BROAD  RANGE  OF  OPTIONS 

Figure  5  presents  the  geographic  layout  of  the 
primary  elements  in  the  Desert  Storm  scenario. 
Shown  here  are  those  elements  relevant  to  the 
analysis  of  air  refueling  operations.  These 
include  air  bases  for  the  tactical  aircraft  and 
tanker  aircraft,  USN  aircraft  carrier  locations  in 
both  the  Red  Sea  and  the  Persian  Gulf,  and 
typical  refueling  tracks  and  orbits  employed  in 
Desert  Storm.  Also  shown  are  representative 
target  areas  throughout  Iraq  and  Kuwait. 
Actual  deployments  were  somewhat  different 
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As  seen  in  Figure  6,  airlift  and  tanker  aircraft 
and  crews  were  busy  in  Desert  Shield/Desert 
Storm.  If  the  U.S.  had  more  airlift  capability  it 
would  have  been  used.  The  Civil  Reserve  Air 
Fleet  was  activated  for  the  first  time.  It  played 
a  crucial  role.  Gen.  Fogelman,  Chief  of  the  Air 
Mobility  Command,  feels  we  will  have  even 
more  dependency  on  CRAF  in  the  future  and  is 
planning  for  it 


•  0EPl.OYyENr(KC-10  4KC-133) 

-  1 6,000  AIRLIFT  MISSIONS 

-  500.000  METRIC  TONS  OF  CARGO 

•  500.000  PASSENGERS 

•  EMPLOYMENT  (MOSTLY  K0135) 

•  38,000  REFUELINGS 

-  270,000  METRIC  TONS  OP  FUEL  OFF  LOADED 

RGURE  6.  TANKER  SUPPORT  IN  DESERT  SHIELD/ 
DESERT  STORM 

In  tne  deployment  phase,  primarily  KC-lus 
refueled  the  airlifters.  KC-135s  refueled  KC- 
10s.  As  we'll  see  on  the  next  figure,  KC'135s 
did  85%  of  the  refuelings  during  the 
employment  phase. 

Figure  7  provides  a  breakout  of  the  USAF's  air 
refueling  operations  in  suppon  of  Desert  Storm 
(17  Jan  to  28  Feb  1991).  Also  included  are 
over  6,000  refuelings  performed  by  KC-135E 
model  tankers  operated  by  the  Air  Force 
Reserve  and  Air  National  Guard.  The  pie  chart 
on  the  left  shows  the  distribution  of  refueling 
transactions  by  tanker  type.  The  chart  on  the 
right  shows  the  distribution  of  refuelings  by 
receiver  type.  As  can  be  seen,  almc  t  three 
quarters  of  the  refuelings  were  in  suppc  )f  the 
Tactical  Air  Command,  divided  almost  evenly 
among  F-15,  F-16,  and  other  aircraft.  The 
majority  of  the  SAC  refuelings  were  to  support 
B-52  aircraft. 


MO.  Of  WEfUeUNOS  HEC0VtR» 

•  USMC  :  t31 
.  AUJEO :  1003 


TOTAL  :  30.030  TOTAL  :  30.000 


FIGURE  7.  USAP  REFUELING  IN  DESERT  STORM 


Note  the  comparatively  low  level  of  support 
provided  to  the  USNAJSMC  and  Allied  air 
forces.  Most  USNAJSMC  and  Allied  aircraft 
are  probe  equipped,  and  therefore  incompatible 
with  KC-135  boom  tankers.  The  USMC  was 
very  reluctant  to  use  BDA  equipped  tankers, 
resulting  in  only  123  total  refuelings  provided 
to  the  USMC  by  the  USAF.  Many  of  the  USN 
refuelings  shown  here  were  transfers  of  fuel 
from  USAF  tankers  to  USN  KA-6  aircraft, 
which  then  transferred  the  fuel  to  USN  strike 
aircraft.  Allied  and  USMC  aircraft  were  mostly 
supported  with  drogue  quipped  Allied  tankers. 
It  is  unclear  if  additional  Allied  and/or 
USN/USMC  strike  sorties  would  have  been 
flown  had  the  USAF  had  more  drogue 
equipped  tankers. 

REFUELING  OBSERVATIONS 

The  next  three  figures  illustrate  important 
factors  which  have  been  analyzed  thoroughly 
and  were  substantiated  by  Desert  Storm 
experience.  Figure  8  shows  that  refueling 
requirements  varies  dramatically  with  time. 
During  the  employment  phase,  attacks  are 
usually  planned  to  occur  in  waves.  Just  prior 
to  an  attack,  multiple  strike  packages  require 
refueling  to  maximize  their  range  and  payload 
capabilities.  By  "topping-off'  their  fuel  tanks, 
their  flight  profile  can  be  planned  to  maximize 
weapon  effectiveness  and  survivability  (e.g., 
low  altitude  penetration).  Timing  is  critical  to 
ensure  simultaneous  penetration.  This  effect 
causes  the  highest  peaks  on  the  graph.  As 
receivers  return  they  sometimes  need  fuel  to 
safely  reach  their  bases.  This  effect  causes  the 
lower  peaks. 


(NOSEBOOtt)  ANGLE  OF  ATTACK  (DEG) 

FIGURE  15  -  TRAILINO  EDGE  FLAP  POSITION  VERSUS  SCHEDULE  DURING  WIND-UP  TURN 


Offensive  planners  preferring  to  mass  strike 
aircraft  into  large  attack  waves  increases  strike 
aircraft  survivability  by  saturating  the  enemy  air 
defenses  (Fig  9).  It  dso  allows  strike  aircraft 
to  provide  mutual  support  to  each  other,  such 
as  fighter  escon,  electronic  countermeasures, 
ana  defense  suppression.  Supporting  large 
attack  waves,  however,  stresses  the  air 
refueling  capability.  Wave  attacks  require 
numerous  refuelings  over  a  relatively  short 
period  of  time.  Since  fighter  aircraft  require 
reladvtiv  small  quantities  of  fuel  per  refueling, 
the  problem  confronting  air  refuelers  is 
generally  not  in  providing  a  sufficient  quantity 
of  fuel,  but  in  providing  sufficient  offload 
points  to  allow  all  refuelings  to  be  completed 
within  the  time  constraints.  Additionally,  the 
large  numbers  of  aircraft  involved  can  present 
an  airspace  deconfliction  problem.  Even  when 
enough  tanker  aircraft  are  available,  it  is  often 
difficult  to  chedule  them  in  the  available 
airspace. 

Therefore,  we  see  that  supporting  wave  attacks 
requires  highly  efficient  tanker  operations.  In 
this  case  efficiency  can  be  defined  as  "how 
many  receivers  each  tanker  can  support  in  a 
given  length  of  time."  Increar'.ig  efficiency  will 
allow  more  strike  aircraft  to  be  supported  by 
the  tanker  force,  within  the  available  airspace. 


•  WAVE  ATTACKS  AliE  PflEFEPRED  BY  PUkNNERS 

SATURATES  DEFE’<SES 
VATPJ.*!  S'.'-FOrtT 

•  WAVE  ATTACKS  STRESS  AERIAL  REFUELMO 

MANY  RFFUEUNGS.  SMALL  AMOUNT  OF  FUEL 

SHORT  TIME  SPAN 

STRICT  AIRSPACE  CONTROL 

•  TANKER  EFFICIENCY  DEPENDS  ON; 

COMPATIBILITY  WITH  RECEIVERS 
REFUELING  (RATE  QUEING  TIMES  A  TRANSFER 
TIMES/*  RECEIVERS) 

NOT  ON  TOTAL  FUEL  CAPACITY  OF  TANKER _ 

FIGURE  9.  TANKER  EFFICIENCY  DRIVES 
ATTACK  EFFECTIVENESS 


In  order  for  tanker  operations  to  be  efficient, 
tankers  have  to  be  compatible  with  all  types  of 
receivers.  This  avoids  the  need  to  dedicate  a 
portion  of  the  tanker  fleet  to  certain  receivers, 
and  improves  utilization  of  tankers  in  the  air. 
Additionally,  t‘'''iciency  can  be  improved  by 
increasing  the  refueling  rate.  The  refueling  rate 
for  a  group  of  receivers  is  the  sum  of  the 
queuing  times  and  the  fuel  transfer  umcis, 
divided  by  the  number  of  receivers.  Queuing 
time  is  defined  as  tl"C  time  between  when  one 
receiver  disconnects  from  the  tanker  until  the 
next  receiver  begins  to  receive  fuel.  Fuel 
transfer  time  depends’ on  the  transfer  rate  and 
the  quantity  of  fuel  being  transfered.  Transfer 
rate  is  limited  by  either  the  rate  at  which  the 
tanker  can  offload  fuel,  or  the  rate  at  which  the 
receivers  can  accept  fuel,  whichever  is  lower. 
For  fighter  operations,  queuing  time  is  often  as 
significant  as  transfer  time.  Improving  either 
of  these  times  will  increase  tanker  efficiency. 
Increasing  the  total  fuel  capacity  of  the  tanker 
will  not,  in  general,  increase  the  efficiency  of 
tanker  operations  in  support  of  wave  attacks. 

Several  lessons  were  learned  in  Desert  Storm. 
For  example,  tankers  are  valuable  assets.  For 
striking  deep  targets,  they  are  essential.  For 
continuous  air  patrol  they  are  a  force  multiplier. 
While  tankers  contributed  heavily  to  the 
success  of  the  Allied  air  campaign,  together  we 
faced  the  challenge  of  future  joint  operations. 

In  the  Mid-East  war,  the  enemy  waited  five 
months,  allowing  the  '  jo  xl  guys"  to  transport 
the  needed  personnel  and  cargo.  This  may  not 
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always  be  the  case.  Gen.  Colin  Powell 
believes  we  should  plan  for  simultaneous 
conflicts  which  would  strain  our  airlift  and 
tanker  assets  even  more  (Figure  10). 


•  MULTIPLE,  SIMULTANEOUS  CONFUCTS 

■  LONO  RANGE,  LONG  ENOURANCE  OPERATIONS 
.  JOINT  OPERATION  WnH  ALLIES,  USN  AND  USHC 

•  FEWER  USAF  TANKERS 

.  LESS  INFRASTRUCTURE  THAN  DESERT  STORM 

•  MTEROPERABILITY 

•  REUABLE.  SAFE  REFUEUNQ  WITH  SfTERNATKINAL  CREWS 
.  TANKERS  WHICH  ARE  COMPATIBLE  WITH  AU  TYPES  OF 

RECEIVERS 

•  THESE  TRENDS  POINT  TOWARD: 

■  MULTIPLE  FUEL  OFFLOAD  POINTS  ON  EACH  TANKER 


RGURE10.  MAJOR  TRENDS  AFFECTING 
AERIAL  REFUEUNG 


To  provide  the  interoperability  for  large,  multi¬ 
national  and  joint  campaigns,  USAF  tankers 
must  (1)  be  compatible  with  all  types  of 
receivers  and  (2)  provide  multiple  fuel  offload 
points. 

INTEROPERABILITY 

CONSIDERATIONS 

Of  the  1(X)0  total  tankers  in  the  Free  World, 
three-quarters  are  boom-equipped.  Of  the 
14,500  receivers  less  than  50%  are  compatible 
with  booms.  Figure  1 1  illustrates  the  problem 
in  conducting  combined  operations  using 
boom-equipp^  KC-135s.  None  of  the  USN 
aircraft  can  be  supported,  while  only  14%  of 
NATO  aircraft  and  29%  of  the  international 
aircraft  can  be  supported. 


RGUREII.  BOOM  TANKER 
INTEROPERABILITY  UMITATIONS 


Figure  12  shows  the  aircraft  that  can  be 
refueled  using  the  KC-135's  boom-drogue 
adapter  kit.  The  gray  area  outside  the  circle 
shows  the  large  number  of  aircraft  that  cannot 
be  refueled  while  the  boom-drogue  adapter  kit 
is  installed  on  the  tankers  boom. 


Figure  13  indicates  that  in  addition  to  requiring 
that  a  fraction  of  the  KC-135  tanker  force  be 
pre-dedicated  to  refueling  either  receptacle  or 
probe  equipped  aircraft,  there  are  other 
concerns  related  to  BDA  kits.  Operational 
flexibility  is  obviously  reduced.  Scheduling  is 
more  difficult.  The  number  of  sorties 
supported  is  less.  The  USN  and  USMC  pilots 
have  indicated  safety,  reliability  and  other 
major  concerns  with  BDA  use.  Additionally, 
the  kits  cause  an  increase  in  drag  since  the 
hose-  drogue  is  deployed  at  all  times. 
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As  discussed  earlier,  it  is  imperative  in  future 
conflicts  to  maximize  the  compatibility  of  KC- 
135  tankers  with  the  7000  Allied  and  USN 
receivers  that  are  not  boom-compatible.  The 
Multi-Point  Refueling  System  (MPRS)  for  the 
KC-135R  is  a  significant  step  in  this  direction. 
(See  Figure  14). 


Figure  15  illustrates  Multi-Point  operations.  In 
addition  to  being  very  cost-effective,  there  are 
several  operational  advantages. 

(1)  Interoperability.  The  USN, 
USMC,  and  most  potential  Allied  aircraft 
employ  probe/drogue  refueling.  Multi- 
Point  KC-135RS  allow  the  USAF  to 
support  the  air  refueling  needs  of  joint 
service/Allied  operations. 

(2)  High  tempo  operations.  Multi- 
Point  provides  a  significant  improvement 
in  the  performance  of  a  tanker  fleet  when 
air  refueling  operation  are  time 
constrained. 

(3)  Force  multiplier.  The  benefit  is 
derived  primarily  from  the  versatility  of  a 
modified  KC-135R. 

(4)  Operability  flexibility.  The 
inclusion  of  refueling  pods  receptacle  on 
KC-135’s  increases  the  potential  range  of 
operations,  and  the  number  of  acceptable 
basing  sites. 


FIGURE  14.  KC-135R  MULTI-POINT 
INTEROPERABILITY  LIMITATIONS 


SUMMARY 


Frontier's  analysis  indicates  that  modifying  a 
fraction  of  the  KC-135R  tankers  to  include  the 
wing  pods  is  the  best  way  for  the  USAF  to 
improve  compatibility  with  Allied  and  US 
Navy  aircraft.  It  is  affordable,  effective, 
reliable,  safe  and  versatile.  The  problems  with 
BDA  kits  were  discussed  earlier.  New  USAF 
tankers  are  not  realistic  for  the  near  term. 


COST-EFrecnviAHO 

AFFOnOABU 


•aMnCANTLV 

IMPROVES 

•rrEROPERAHinv 


SPEEDS  REFUEUNQ  M 
MQH TEMPO 
OPERATIONS 


•  BECOMES  A  FORCE 
MULTI  PUER 


FIGURE  15.  BENEFITS  OF  ADDING 
MULTI-POINr  REFUELING 


Figure  16  contrasts  the  efficiency  of  multi-point 
and  single  point  refueling  using  a  fixed  number 
of  tanker  aircraft  This  is  a  notional  chart  based 
on  the  relationships  we  have  seen  in  on  our 
theater  analyses.  The  left  axis  represents  the 
number  of  receiver  aircraft  refuelings.  The 
horizontal  axis  is  the  percent  of  receivers 
equipped  with  probes,  that  is,  the  number  of 
aircraft  which  can  refuel  from  the  multi-point 
refueling  pods.  The  multi-point  work  Frontier 
has  done  shows  that  as  the  percent  of  probe 
equipped  receivers  increase  there  is  an  increase 
in  number  of  receivers  that  can  be  refueled  by 
the  fixed  size  tanker  fleet  (Top  Curve).  The 
size  of  this  increase  (a)  varies  from  scenario  to 
scenario,  and  is  dependent  on  several  factors 
including  the  percentage  of  strike  sorties 
involved  in  wave  attacks,  the  time  allowed  for 
refueling  each  attack  wave,  and  the  mission 
distances  the  aircraft  have  to  fly.  Our 
experience  indicates  that  this  increase  in 
efficiency  typically  ranges  from  25%  to  50  % 
for  the  multi-point  tanker  fleet.  Note  that  when 
all  receivers  are  receptacle  equipped  (0% 
equipped  with  drogues)  multi-point  tankers  are 
slightly  less  efficient  than  single  point  tankers. 
This  is  because  the  maximum  fuel  load  tiiat  a 
multipoint  tanker  can  carry  must  be  reduced 
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due  to  the  additional  weight  of  the  pods,  plus 
the  additional  drag  due  to  ^e  pods. 


A :  KC.13$  AIRCRAFT  CANNOT  REFUa  BOTH  TYPES 
OF  RECEIVERS,  VALUE  IS  SCENARIO  OEPENOENT 

a ;  MUinPOWT  TVPicALLr  is-so  %  oreater  oepenoino 

ON  SCENARIO  FACTORS  SUCH  AS  WAVE  TlllE  OURATIOHS 


FIGURE  16.  MULTIPOINT  REFUEUNG  MORE 
EFFICIENT  FOR  THEATER  OPERATIONS 


The  numbers  of  receivers  that  the  single  point 
KC-135  tanker  fleet  can  refuel  typically 
decreases  when  the  receiver  fleet  is  a  mix  of 
receptacle  and  probe  equipped  aircraft.  This  is 
because  dedicated  tankers  are  needed  for  each 
type  receiver,  and  frequently  a  duplication  of 
tanker  assets  in  the  air  is  required  to  support 
both  types  of  receivers.  Again,  the  size  of  this 
reduction  in  performance  is  scenario 
dependent.  This  reduction  in  performance  will 
not  show  up  for  single  point  tanker  aircraft 
which  do  not  need  to  land  to  service  the  two 
types  of  receivers.  An  example  is  the  KC-lOA 
which  has  a  single  refueling  hose-drogue  and  a 
single  boom  which  are  both  mounted  near  the 
centerline  of  the  aircraft.  This  tanker  can  use 
only  the  boom  or  the  hose-drogue  at  one  time, 
not  both  simultaneously. 

Figure  17  summarizes  the  major  requirements 
for  tankers  which  must  support  all  types  of 
receiver  aircraft  in  future  conflicts  where  the 
infrastructure  varies  widely.  The  need  for 
interoperability  will  probably  increase;  not 
decrease.  Shorter  refueling  cycles  are  needed 
to  improve  refueling  cffieciency  and 
subsequently  strike  effectiveness.  Multi-point 
refueling  helps  satisfy  the  interoperability  and 
efficiency  requirements  by  (1)  refueling  both 
receptacle-  and  probe-equipped  receivers  and 
(2)  simultaneously  refueling  two  receivers. 


Tankers  will  be  used  as  airlifters,  when 
available,  to  offset  the  deficiency  we  have  in 
airlift  capacity.  For  example  between  100  and 
200  KC-135S  may  be  modified  to  make 
loading/unloading  of  cargo  more  straight¬ 
forward.  This  is  done  by  installing  rollers. 
Our  analysis  indicates  that  there  is  a  payoff  for 
KC-135  tanker-to-tanker  refueling  as  well.  It 
not  only  supports  long  range  operations,  but  it 
permits  the  returning,  lighter  tanker  to  land  at 
most  modem  airfields. 


•  MTEROPERABUTY 

•  SAFELY  REFUEL  ALLIED,  USN  A  USAF  RECEIVERS 

•  REFUEL  RECEPTACLE  AND  OROQUE  RECEIVERS 


.  REDUNDANT  DELIVERY  DEVICES 


•  IMPROVED  REFUEUNO  EFFICIENCY  •  SHORTER  CYCLES 


•  DUAL  USE -HAUL  FUEL  OR  CARCQfPASSENGERS 


•  TANKER-TO-TANKER  REFUELING  -  SUPPORT  LONG  RANGE 
OPERATIONS  AND  GREATLY  INCREASE  THE  NUMBER  OF 
ACCEPTABLE  BASES 


RGURE 17,  FUTURE  TANKER  SYSTEM 
REQUIREMENTS 
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AERLM  BFR  tPUNn  INTEROPRRABnJTY 
FROM  A  RECEIVER  FLYING  QUALITIES  PERSPECTIVE 

D.J.  Ludwig 

FW331,  Flight  Test  and  Engineering  Group 
Naval  Air  Warfare  Center  Aircraft  Division 
Patuxent  River,  Maryland  20670,  USA 


SUMMARY 

Over  the  past  decade,  there  has  been  increased  emphasis  on 
inter-service  and  international  operability  with  respect  to 
aerial  refueling  (AR).  One  area  concerning  interoperability 
that  needs  to  be  considered  in  light  of  the  increased  trend 
towards  large  multi-point  tankers  is  receiver  flying 
qualities  during  AR.  This  paper  stresses  the  importance  of 
conducting  receiver  proximity  trials  to  optimize  refueling 
position  behind  the  tanker  and  providing  the  pilot  with  the 
best  receiver  flying  qualities  for  AR  that  can  be  attained. 
Receiver  flying  qualities  behind  the  tanker  can  be  seriously 
degraded  if  proper  steps  to  optimize  receiver  refueling 
positions  ate  not  taken  prior  to  final  design.  Poor  receiver 
flying  qualities  in  the  refueling  positions  can  reduce 
engagement  success  rate,  increase  the  amount  of  training 
required,  increase  mishaps,  increase  refueling  cycle  time 
and  seriously  degrade  mission  effectiveness  of  the  tanker. 
There  are,  of  course,  many  other  considerations  regarding 
tanker/receiver  compatibility  such  as  airspeed/altitude 
compatibility,  fuel  system  compatibility, 
communications,  night  lighting,  etc.  But  this  paper 
primarily  addresses  receiver  flying  qualities  and  the 
importance  of  refueling  position  behind  the  tanker  as  it 
pertains  to  flying  qualities.  Specific  programs  discussed 
are  Navy  trials  with  the  Air  Force  KC-10  and  KC-13S 
tankers  and  Navy  programs  to  bring  a  wing  pod  tanker 
capability  to  the  P-3  airplane.  Additionally,  efforts 
underway  to  enhance  tanker  mission  effectiveness  of  the 
KC-130  with  a  variable  geometry  drogue  are  discussed  and 
their  ramifications  explored. 

INTRODUCTION 

The  U.S.  Navy  has  euibarked  on  several  joint  aerial 
refueling  (AR)  programs  designed  to  improve 
interoperability  between  the  Navy  and  Air  Force,  improve 
the  AR  efficiency  of  land  based  tankers  and  improve  the 
selection  of  tanker  assets  available  to  the  military 
planners.  Currently,  the  primary  Navy  tankers  operate 
from  aircraft  carriers  and  include  the  A-6  and  S-3  configured 
with  self  contained  AR  stores  (buddy  stores).  The  Marine 
Corps  uses  land  based  KC-130  tankers.  By  memorandum  of 
understanding,  the  Air  Force  provides  large  land  based 
tanker  support  to  the  Navy.  This  support  is  provided  by 
KC-10  and  KC-13S  tankers. 

The  KC-10  was  developed  with  a  probe/drogue  refueling 
system  in  the  fuselage  in  addition  to  the  boom/receptacle 
system  to  provide  true  interoperability  between  Air  Force 
tankers  and  Navy  receivers.  The  efficiency,  however,  of 
that  tanker  is  limited  by  the  fact  that  only  one  receiver  can 
be  refueled  at  a  time.  A  program  was  started  to  retrofit  wing 
AR  pods  on  the  KC-10  to  provide  a  multiplane  refueling 
capability. 

The  KC-135  tanker  is  primarily  a  boom/receptacle  type 
tanker  for  refueling  Air  Force  airplanes  incorporating  a 


universal  air  refueling  receptacle  installation  (UARRSI).  In 
the  mid  1960s,  a  boom  drogue  adapter  (BDA)  was 
developed  as  an  interim  measure  to  allow  the  boom  system 
to  refuel  probe  equipped  receiver  airplanes.  The  BDA  is  a  9 
ft  hose  section  with  paradrogue  which  attaches  to  the  end 
of  the  boom.  The  BDA  system  bas  disadvantages  in  that  it 
is  difficult  to  refuel  from,  it  limits  the  KC-135  to 
probe/drogue  refueling,  only,  when  installed,  and  can 
refuel  only  one  receiver  at  a  time.  Following  the  KC-10 
wing  pod  program,  the  Air  Force  has  embarked  on  a  wing 
AR  pod  program  for  the  KC-13S  as  well. 

The  Navy  is  looking  at  the  P-3  anti-submarine  warfare 
airplane  to  fulfill  a  roll  as  a  medium  land  based  tanker  to 
support  carrier  battle  group  operations  as  well  as  filling  an 
international  role.  This  is  partially  due  to  the  current 
reduced  submarine  threat  and  the  presence  of  increasing 
numbers  of  surplus  P-3  airframes.  The  P-3  tanker  includes 
wing  pod  mounted  hose/reel  AR  systems  and  is  in  the 
conceptual  stage  at  this  time. 

The  Marine  Corps  KC-130  tankers  provide  refueling 
support  for  fixed  wing  and  rotary  wing  aircraft.  The 
conversion  of  the  tanker  from  fixed  wing  to  rotary  wing 
tanking  speeds  is  accomplished  by  changing  paradrogues 
to  provide  a  constant  range  of  drogue  drag  to  the  hose  take- 
up  response  mechanism.  This  drogue  conversion, 
however,  limits  the  efficiency  of  the  tanker  in  that  the 
wing  pod  can  only  refuel  one  type  of  receiver  without  a 
paradrogue  change  on  the  ground.  The  Marine  Corps  is 
investigating  a  variable  geometry  drogue  that  maintains 
constant  drag  over  the  wide  range  of  airspeeds  necessary  to 
support  both  fixed  and  rotary  wing  aircraft.  The  variable 
geometry  drogue  offers  benefits  to  other  aspects  of  AR,  as 
well,  including  potential  for  providing  constant  drogue 
trail  position  regardless  of  airspeed  and  better 
optimization  of  hose  take-up  response  mechanisms. 

The  trend  toward  wing  pod  tankers  raises  challenges  to  the 
designers,  evaluators  and  operators.  Wing  pod  tankers  can 
be  inherently  more  difficult  to  refuel  from  due  to 
asymmetric  air  flow  fields  behind  the  wing  pods  and 
tanker/receiver  proximity  limitations.  Receiver  refueling 
position  behind  wing  pod  tankers  can  be  much  more 
critical  in  terms  of  receiver  flying  qualities  than  fuselage 
mounted  tanker  systems. 

KC-10  WING  AERIAL  REFUELING  PODS 
The  Navy  bas  completed  receiver  qualification  tests  of  the 
Air  Force  KC-10  tanker  configured  with  wing  pods.  Navy 
involvement  began  in  1989  with  initial  trials  using  S-3 
and  F/A-18  receivers  and  a  SO  ft  (IS  m)  hose  version  of  the 
wing  pods.  The  S-3  was  chosen  because  of  its  non-fly-by¬ 
wire  irreversible  flight  control  system,  large  wing  span 
and  tall  vertical  stabilizer,  with  good  basic  flying  qualities 
characteristics.  The  F/A-18  airplane  was  used  because  it 
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represents  a  modem  tactical  fighter  type  airplane  with 
digital  fly-by-wire  flight  control  system.  Severe  problems 
with  poor  receiver  flying  qualities  in  the  refueling 
positions  required  a  closer  look  at  the  effects  of  the  tanker 
flow  field  on  the  receiver  airplane.  Wind  tunnel  tests  to 
investigate  problems  with  hose  extension/retraction 
characteristics  shed  light  on  the  nature  of  the  flow  field 
behind  the  tanker  leading  to  a  series  of  proximity 
evaluations  using  S-3,  A-7  and  F-14  airplanes.  The  results 
of  these  proximity  tests  eventually  led  to  the  installation 
of  longer  74  ft  (23  m)  refueling  hoses  to  improve  basic 
receiver  flying  qualities  in  the  refueling  positions. 

Short  Hose  Receiver  Flying  Quaiities 
Receiver  pilots  tested  the  flying  qualities  aspects  of 
refueling  from  the  tanker  by  first  stabilizing  at  the 
approach  position  defined  as  20  ft  (6  m)  behind  the 
paradrogue  in  trail  and  flying  the  airplane  vertically  and 
horizontally,  10  ft  (3  m)  ^m  the  centered  position  to  get 
a  feel  for  tte  aft  flow  field.  The  pilot  then  flew  his  airplane 
to  the  precontact  position  defined  as  S  ft  (2  m)  behind  the 
paradrogue  in  trail  and  maneuvered  vertically  and 
horizontally,  S  ft  from  the  centered  position.  Following 
precontact  maneuvering,  the  receiver  cleared  from  behind 
the  paradrogue  which  then  was  retracted  and  the  receiver 
airplane  was  maneuvered  into  the  simulated  refueling 
positions.  These  preliminary  tests  were  then  followed  by 
refueling  engagements  using  various  closure  rates  up  to  10 
ft  per  second  (3  m/sec). 

Control  Force  Requirements 

At  the  precontact  position  the  receiver  bad  approximately 
7  ft  (2  m)  of  step  down  from  the  pod  when  a  2.S  q  drogue 
was  used  at  2S0  KEAS.  The  S-3  pilot  felt  moderate 
turbulence  on  the  vertical  tail.  There  was  an  inboard 
rolling  moment  which  required  S-7  lbs  (22-31  N)  of 
outboard  countering  lateral  stick  force  and  an  inboard 
yawing  moment  which  required  2S-30  lbs  (111-133  N)  of 
outboard  rudder  pedal  force  to  counter.  During  contact  with 
the  drogue  and  moving  into  the  refueling  range,  the  rolling 
moment  increased  in  the  same  sense  requiring  lS-20  lbs 
(67-89  N)  outboard  lateral  stick  force.  Yaw  moment 
abruptly  reversed  in  sense  requiring  SO-60  lbs  (222-267  N) 
of  inboard  rudder  to  counter.  Maintaining  receiver 
alignment  with  the  tanker  resulted  in  a  steady  beading 
sideslip  with  S-8  degrees  of  outboard-wing-down  roll 
attitude.  During  contacts,  as  the  receiver  moved  into  the 
refueling  range,  varying  control  forces  with  increasing 
cross-controls  were  difftcult  to  anticipate.  During  contacts 
if  the  receiver  flew  5  ft  (1-2  m)  high  in  relation  to  the  free 
trail  hose  position,  the  S-3  experienced  a  pitch-up  moment 
that  needed  to  be  countered  with  4-S  lbs  (18-22  N)  of 
forward  stick  force.  These  control  force  requirements  to  fly 
the  airplane  into  the  refueling  range  of  the  short  hose  pods 
caused  us  to  have  concem  about  the  flow  Held  behind  the 
wing  pods.  Results  of  wind  tunnel  tests  conducted  by 
Douglas  Aircraft  Company  collaborated  with  S-3  control 
force  requirements  test  results.  The  pilot's  workload  flying 
at  the  refueling  positions  were  greatly  influenced  by  the 
nature  of  the  flow  field  behind  the  tanker  and  is  discussed 
in  the  following  paragraphs. 

Flow  Visualization 

Review  of  wind  tunnel  tests  performed  by  Douglas  Aircraft 
Company  showed  bow  the  receiver  airplane  was  influenced 
by  the  flow  fleld  behind  the  tanker.  The  dominant  flow 
pattern  below  the  level  of  the  pod  contained  a  strong 
outboard  vector  component  which  caused  the  hose  and 
drogue  to  trail  outboard  4-6  degrees.  Outboard  of  the  wing 
pod,  the  flow  fleld  vector  component  was  shifted  upwards 


as  the  airflow  rolled  up  and  around  the  wing  tip  vortex 
core.  With  10  ft  (3  m)  of  step-down,  the  S-3  receiver 
vertical  tail  was  mostly  under  the  influence  of  the  flow 
field  below  the  plane  of  the  wing  which  caused  the  airplane 
to  fly  misaligned  with  the  tanker  as  shown  in  figure  1. 


Figure  1 

Receiver  Misalignment  with  the  Tanker 


The  effect  of  the  flow  field  beneath  the  pod  caused  a  higher 
angle  of  attack  on  the  receiver's  outboard  wing  than  on  the 
inboard  wing  which  created  a  roll  moment  towards  the 
tanker  extended  centerline.  Countering  with  aileron 
increased  the  yaw  moment  towards  the  tanker  (adverse  yaw) 
requiring  outboard  rudder  to  counter  the  induced  sideslip. 
Above  the  wing  pod,  the  dominant  flow  pattern  contain^ 
a  strong  inboard  vector  component.  When  the  receiver 
moved  upward,  the  vertical  stabilizer  became  increasingly 
under  the  influence  of  the  inboard  flow  pattern  which 
caused  an  abrupt  outboard  yaw  moment  that  bad  to  be 
countered  with  inboard  rudder.  Figure  2  illustrates  this 
point. 


Flow  Field  Influence  on  Receiver  Vertical  Stabilizer 

The  total  effect  was  described  by  pilots  as  "like  balancing 
on  lop  of  a  ball”  or  "the  airplane  doesn't  fly  like  an 
airplane  there".  All  of  these  effects  were  increased  in 
intensity  at  slower  speeds  and  heavier  tanker  gross 
weights  (higher  angle  of  attack)  although  at  lower  speeds 
the  drogue  trails  lower  which  increased  the  vertical 
distance  between  the  receiver  vertical  stabilizer  and  the 
influence  of  the  inboard  flow  vector.  The  obvious  solution 
to  the  problems  described  above  was  to  lower  the  receiver 
position  by  trailing  a  longer  length  of  hose  which  not 
only  lowered  the  receiver  position,  but  increased 
tanker/receiver  separation  which  is  enhancing  from  a 
safety  aspect. 
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Need  for  Pilot  Rating/WorUoad  Assesment 
As  a  way  to  quantify  the  effects  of  tanker  flow  field  on 
receiver  flying  qualities,  flying  qualities  were  assessed  at 
stabilized  positions  around  the  natural  trail  position  of  the 
bose/drogue  using  the  Cooper-Harper  handling  qualities 
rating  (HQR)  scale  as  described  in  reference  a.  Numerical 
ratings  were  grouped  into  three  levels  as  shown  in  the 
figure  3  simplified  HQR  scale. 
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RgureS 

Simplified  Cooper-Harper  HQR  Scale 


Because  the  handling  qualities  ratings  are  dependent  on 
proper  task  selection  and  their  usefulness  dependent  on 
proper  mission  relation,  the  selected  task  was  a  function  of 
the  receivers  position  behind  the  tanker.  For  example,  the 
approach  position  is  defined  as  20  ft  (6  m)  behind  the 
paradrogue  and  is  primarily  an  observation  position  that 
the  receiver  establishes  himself  in  prior  to  approaches  to 
the  drogue.  Accurate  position  keeping  is  not  so  critical  and 
additionally,  there  is  no  immediate  reference  to  the  actual 
receivers  position  other  than  the  tanker.  Therefore,  the 
task  was  to  maintain  a  stable  position  within  a  rather 
loose  ±  2  ft  (<  I  m)  for  desired  perfonnance  and  ±  3  ft  (1  m) 
for  adequate  performance.  The  precontact  position  is 
defined  as  3  ft  (1-2  m)  behind  the  paradrogue  and  is  the 
position  where  approaches  to  drogue  contact  are  initiated. 
Tolerances  are  much  tighter  since  ideally  the  receiver 
stabilizes  behind  the  drogue  within  the  extended  outer 
perimeter  of  the  paradrogue  such  that  with  application  of 
power,  the  receiver  will  have  a  reasonable  chance  of 
hitting  within  the  inner  cone  of  the  drogue.  The  tolerance 
was  therefore  ±1/4  drogue  width  (0.2  m)  for  desired 
performance  and  ±1/2  drogue  width  (0.4  m)  for  adequate 
performance.  The  receiver  also  stabilized  at  displaced 
positions  away  from  the  centered  position  typically  ±10  ft 
(3  m)  from  the  approach  position  and  ±5  ft  (1-2  m)  from 
the  precontact  position  using  the  same  lateral  and  vertical 
tolerances.  This  provides  data  for  mapping  of  the  aft  flow 
Held  behind  the  tanker  which  allows  assessment  of 
receiver  flying  qualities  at  various  simulated  drogue 
positions  and  for  operational  considerations  where  the 
pilots  will  routinely  deviate  from  the  nominal  positions. 
The  inner  limit  position  is  defined  u  the  position  within 
the  refueling  range  of  the  hose  reel  system  where  fuel 
transfer  is  automatically  secured  and  the  AR  system 
provides  a  warning  to  the  receiver  that  be  is  close  enough 
(typically  a  flashing  amber  light).  The  position  keeping 


tolerances  are  somewhat  looser  than  the  precontact 
position  since  the  receiver  can  maneuver  around 
horizontally  and  vertically  without  detriment.  The 
tolerance  chosen  was  ±  2  ft  (<  1  m)  for  desired  performance 
and  ±  3  ft  (1  m)  for  adequate  performance. 

Results  of  Pilot  Workload 

Initial  aerial  refueling  tests  with  the  SO  ft  (IS  m)  trail 
length  pods  revealed  high  pilot  workload  while  refueling, 
particularly  when  the  receiver  was  moving  from  the 
contact  position  into  the  refueling  range  towards  the  inner 
limit.  To  better  quantify  flying  qualities  in  the  refueling 
positions,  proximity  tests  were  performed  using  an  S-3A 
and  TA-7C.  Results  of  the  flying  qualities  tests  as  a 
function  of  receiver  position  behind  the  tanker  are  shown 
in  figure  4. 


Figure  4 

Receiver  Flying  Qualities  as  a  Function  of  Position 

The  S-3  experienced  borderline  level  1/D  flying  qualities  at 
the  precontact  position.  Flying  qualities  improved  as  the 
receiver  moved  down  or  outboard  from  the  t^er  fuselage. 
Movement  inboard  reduced  flying  qualities  apparently  due 
to  the  effects  of  increased  engine  buffet  on  the  S-3  wing 
and  increased  roll  moment  towards  the  tanker.  Moving  to  a 
S  ft  (<2  m)  high  position  resulted  in  significant 
degradation  in  flying  qualities  with  an  abrupt  outboard 
yawing  moment  and  increased  inboard  rolling  moment. 
The  combined  effect  resulted  in  near  level  lU  flying 
qualities  at  the  high  position.  Following  receiver  contact 
with  the  drogue,  the  receiver  experienced  constantly 
changing  control  forces  required  to  maintain  the  proper 
vertical  and  horizontal  position  behind  the  refueling  pod. 
Flying  qualities  proximity  tests  revealed  level  II  flying 
qualities  at  the  inner  limit  of  the  refueling  range  defuied  as 
28  ft  (8-9  m)bebind  the  pod,  which  abruptly  degraded  to 
level  QI  flying  qualities  as  the  receiver  mov^  2-3  ft  (1  m) 
higher  than  the  normal  trail  position  of  the  bose.  TA-7C 
test  results  were  similar  to  the  S-3.  The  level  n  flying 
qualities  in  the  refueling  range  and  abrupt  degradation  in 
flying  qualities  if  the  receiver  drifted  high  in  relation  to 
the  normal  bose  trail  position  were  considered 
unsatisfactory  and  warranted  improvement.  Further 
proximity  tests  were  recommended  to  evaluate  receiver 
flying  qualities  at  positions  behind  the  tanker  simulating 
wing  p<^s  with  74  fr  (23  m)  hoses. 

Long  Hose  Receiver  Flying  Qualities 
Proximity  Tests 

Follow-on  receiver  proximity  tests  were  conducted  using 
an  S-3A  and  an  F-14D.  The  TA-7C  was  not  used  due  to 
unavailability.  Results  of  the  long  bose  proximity  flying 
qualities  tests  are  shown  in  figure  S. 
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Figure  5  Rgure  6 

Receiver  Flying  Qualities  as  a  Function  of  Position  Receiver  Proximity  Test  Positions 


There  was  signiHcant  improvement  in  S-3  flying  qualities 
at  the  test  positions.  Particularly,  there  were  level  I  flying 
qualities  at  the  nominal  vertical/horizontal  refueling 
position  all  the  way  to  the  inner  limit.  There  was  still  a 
degradation  in  flying  qualities  to  level  m  as  the  S-3  moved 
to  a  high  refueling  position,  but  the  transition  from  level  I 
to  level  n  flying  qualities  was  adequate  warning  and  the 
degradation  was  not  as  abrupt  as  experienced  with  the  short 
hose  positions.  F-14  flying  qualities  at  the  simulated 
refueling  positions  were  very  good  with  level  I  flying 
qualities  at  all  test  positions  except  at  the  S  ft  (1-2  m)  high 
position  where  flying  qualities  degraded  siightly  to  level 

n. 

Receiver  Qualification 

Receiver  qualiflcation  tests  were  conducted  to  qualify  the 
A-6E,  AV-8B,  EA-6B,  F-14D,  F/A-18  and  S-3  for  refueUng 
operations  from  the  KC-10  wing  pods.  All  receiver  pilots 
reported  level  I  flying  qualities  at  the  nominal  refueling 
positions. 

KC-135  WING  AERIAL  REFUELING  PODS 
General 

The  Air  Force  and  Navy  have  completed  receiver  proximity 
tests  of  the  Air  Force  KC-13SR  tanker  simulating  a  wing 
pod  tanker  configuration.  The  KC-13SR  is  a  low  wing 
military  tanker/cargo  airplane  using  four  CFM-36  engines. 
Navy  involvement  consisted  of  proximity  evaluations 
using  S-3B  and  F-14D  airplanes.  The  purpose  of  this 
evaluation  was  to  identify  optimum  receiver  aerial 
refueling  positions  behind  a  wing  pod  configured  tanker. 
As  with  the  KC-IO  proximity  tests,  receiver  flight 
controls  inputs  were  used  to  map  the  flow  field  behind  the 
tanker.  Flow  field  was  mapped  by  having  the  receiver  pilot 
stabilize  at  specific  positions  behind  the  tanker  and  note 
longitudinal,  lateral  and  directional  trim  and/or  stick  and 
pedal  force  requirements.  Thus  airframe  moments 
generated  by  varying  tanker  flow  fields  could  be  better 
understood,  their  impact  on  airplane  flying  qualities 
assessed  with  the  intention  of  identifying  optimum  drogue 
trail  positions  for  aerial  refueling. 

Proximity  Positions 

The  proximity  positions  were  chosen  to  simulate  hose 
trail  lengths  between  SO  (IS  m)  and  7S  ft  (23  m).  Receiver 
pilots  stabilized  at  9S,  7S,  SO  and  3S  ft  (29,  23,  IS  and  1 1 
m)  behind  the  simulated  wing  pod  location  as  illustrated  in 
figure  6. 


At  each  trail  position  the  receiver  maneuvered  from  the 
initial  centered  position  vertically  and  horizontally  to  a 
displaced  position  dependent  on  trail  position.  At  the  SO 
and  75  ft  positions  (IS  and  23  m),  the  receiver  stabilized  at 
displaced  positions  10  ft  (3  m)  from  the  centered  position 
using  pilot's  line-of-sigbt  and  at  S  ft  (2  m)  from  the 
centered  position  at  the  3S  ft  (1 1  m)  trail  position.  The  75 
and  SO  ft  positions  simulated  the  initial  contact  position 
where  receiver  flying  qualities  have  a  profound  effect  on 
the  pilot's  ability  to  position  the  probe  horizontally  and 
vertically  within  the  confines  of  the  paradrogue.  As  with 
the  KC-10  wing  pod  tests,  the  receiver  pilot's  task  was  to 
position  the  airplane  horizontally  and  vertically  with  a 
tolerance  of  ±1/2  drogue  width  (0.4  m)  for  adequate 
performance.  This  simulated  a  30  in  (0.8  m)  diameter 
drogue.  The  95  ft  position  simulated  an  approach  or 
observation  position  behind  a  simulated  75  ft  hose.  The 
35  ft  position  simulated  the  inner  limit  position  while 
refueling  from  tanker  system  with  a  50  ft  hose.  Receiver 
centered  and  10  ft  displaced  positions  are  illustrated  in 
figure  7. 


Figure  7 

Receiver  Test  Positions 


Flow  Field  Mapping 

Control  Force  Requirements 

At  the  7S  ft  (23  m)  centered  position  (position  1 ),  the  S-3 
required  S  lbs  (22  N)  of  outboard  stick  force  to  counter  a 
roll  moment  inboard  towards  the  tanker  extended 
centerline.  Maintaining  a  borizontal/vertical  position 
within  the  defined  tolerance  required  very  small.  <1/2  in 
(<1  cm)  and  continuous  lateral  and  longitudinal  control 
stick  movements  with  no  apparent  flow  field  induced  yaw 
moment.  Position  2  requir^  4  lbs  (18  N)  outboard  stick 
force  and  position  3  required  a  slightly  less  outboard 
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control  stick  force  of  3  lbs  (13  N)  to  counter  less  flow  field 
induced  inboard  roll  moment.  The  pilot  felt  moderate  chop 
on  the  vertical  tail  of  the  airplane  when  he  flew  to  a 
position  S  ft  (<2  m)  above  the  neutral  position  without 
any  significant  effects  on  the  airplane's  yaw  axis. 

At  the  SO  ft  (IS  m)  position,  the  S-3  lateral  control  force 
requirements  slightly  higher  than  the  7S  ft  (23  m)  position 
requiring  S-6  lbs  (22-27  N)  of  outboard  stick  force  to 
stabilize  at  position  1.  Stabilizing  at  position  3  required  3 
lbs  (13  N)  of  outboard  lateral  stick  force  to  counter  the 
inboard  roll  moment.  It  was  more  difficult  to  stabilize  at 
the  high  position  (position  4)  within  ±1(2  drogue  width 
(0.4  m)  due  to  increase  in  buffet  on  the  vertical  tail  and 
required  6-7  lbs  (27-31  N)  of  outboard  control  stick  force 
and  continuous,  3/4-1^  in  (2.S  cm)  lateral  control 
movements  and  a  continuously  varying  forward  control 
stick  pressure  of  S  to  10  lbs  (27-44  N).  At  the  3S  ft 
position  (simulated  inner  limit),  the  pilot  experienced 
continuous  light  chop  at  position  1.  Maintaining  a  stable 
position  within  ±  1/2  drogue  width  (0.4  m)  required  6-7  lbs 
(27-31  N)  of  outboard  control  stick  force  and  IS  -  20  lbs 
(67-89  N)  of  outboard  rudder  pedal  force  to  counter  an 
apparent  inboard  yaw  moment.  Continuous,  1/2  in  (1  cm) 
lateral  and  longitudinal  stick  movements  were  required  to 
stabilized  within  the  desired  tolerances.  Stabilizing  at  the 
outboard  position  3  required  approximately  4  lbs  (18  N)  of 
outboard  lateral  stick  force  to  counter  the  reduced  inboard 
roll  moment.  When  moving  high  to  position  4  at  3-5  ft  (1- 
2  m)  above  the  neutral  position,  there  was  sufficient 
difference  in  the  flow  field  as  the  S-3  vertical  stabilizer  was 
positioned  above  the  tanker  wing  to  cause  an  abrupt 
outboard  yaw  moment  at  a  rate  of  approximately  S 
degrees/sec  and  an  increase  inboard  roll  moment. 
Additionally,  there  was  a  tendency  for  the  airplane  to  draft 
towards  the  tanker  wing  pod  position.  Forward  control 
stick  pressure  was  requited  to  counter  an  apparent  increased 
pitch-up  moment. 

In  general,  flying  qualities  in  most  areas,  except  position 
4,  behind  the  KC-13S  wing  were  satisfactory  for  AR.  The 
best  receiver  flying  qualities  for  the  S-3  and  P-14  were 
consistently  experienced  at  position  2  providing  level  I 
flying  qualities.  Flying  qu^ities  degraded  to  borderline 
level  I/n  at  positions  1,  3  and  5.  As  the  receiver  moved  up 
to  position  4,  abrupt  changes  in  the  induced  moments 
about  the  airplane's  pitch  and  yaw  axis  required  well-timed 
control  inputs  by  the  pilot  to  compensate.  Both  the  S-3 
and  F-14  experienced  borderline  level  II/III  flying  qualities 
at  position  4  with  the  worst  flying  qualities  experienced  at 
the  35  ft  (10  m)  trail  position  where  the  S-3  approached 
the  limits  of  controllability.  The  overriding  factor  in  the 
reduced  flying  qualities  at  position  4  was  not  the  absolute 
magnitude  of  control  inputs  required,  but  the  rate  at  which 
the  required  inputs  changed  with  small  position 
deviations.  For  optimum  refueling  conditions,  the  receiver 
requires  an  volume  of  space  around  the  trail  position  of  the 
bote  where  small  variations  in  receiver  position  of  ±  5  ft 
(2  m)  do  not  require  abrupt,  well-timed  control  inputs  to 
compensate  for  flow  field  variations.  Additionally,  the 
receiver  position  mutt  be  high  enough  in  relation  to  the 
tanker  to  provide  adequate  visual  tanker  references  for  AR. 
The  optimum  refueling  position  for  receiver  flying 
qualities  it  illustrated  in  flgure  8.  Visual  cues  for  AR 
however  were  degraded  at  positions  2  inside  of  50  ft  (15  m) 
of  trail. 


Receiver  Flying  Qualities  and  Sight  Picture 

P-3  WING  POD  TANKER 
General 

The  P-3  Orion  is  a  four-engine,  low-wing,  land-based 
airplane  designed  for  antisubmarine  warfare  and  maritime 
patrol.  The  P-3  airframe  has  good  potential  as  a  medium 
give  tanker.  An  aerial  refueling  conflguration  that  includes 
a  give  and  receive  capability  has  been  studied.  As  a 
receiver,  the  P-3  fuel  system  needs  to  receive  fuel  at  a  high 
rate  to  minimize  the  amount  of  time  the  pilot  has  to  fly  the 
airplane  in  close  formation.  This  is  born  from  the  fact  that 
the  P-3's  flying  qualities  are  not  optimized  for  precise 
formation  flying  and  high  pilot  workload  is  a  limiting 
factor.  Several  feasibility  test  programs  have  investigated 
the  P-3  flying  qualities  in  the  receiver  roll  using  the  Air 
Force  Universal  Aerial  Refueling  Receptacle  Installation 
(UARRSI)  and  the  Navy's  probe/drogue  refueling  system. 
Several  tanker  configurations  have  also  been  studied  which 
include  a  fuselage  installed  hose  reel  system  and  wing  pod 
mounted  hose  reel  systems  for  probe/drogue  refueling.  The 
inherent  advantages  of  the  wing  pod  mounted  hose  reel 
systems  includes  increased  reliability  of  the  tanker  system 
because  of  redundancy  and  reduced  refueling  time  for  a 
group  of  tactical  aircraft  because  of  the  potential  for  two 
airplanes  to  refuel  at  once.  Thus,  discussion  will  be  limited 
to  a  test  program  that  investigated  the  feasibility  of  the  P- 
3  as  a  wing  pod  tanker. 

Feasibility  Evaluation 

A  feasibility  evaluation  of  the  P-3  as  a  wing  pod  tanker 
was  conducted  to  verify  that  adequate  receiver  airplane 
flying  qualities  existed  in  refueling  positions  behind  the 
P-3.  The  evaluation  was  performed  using  an  S-3  receiver 
with  positioning  based  upon  a  simulated  wing  aerial 
refueling  pod  located  midway  between  the  outboard  engine 
and  wing  tip  on  both  wings  (existing  stations  1 1  and  16). 
The  simulat^  pod's  hose  was  82  ft  (25  m)  from  the  pod  to 
the  drogue.  The  pod  was  estimated  to  hang  below  the  wing 
to  the  approximate  level  of  the  tanker  fuselage,  with  hose 
drop  dependent  on  airspeed  but  assumed  to  be 
approximately  15  ft  (5  m)  at  the  full  trail  position  and  10 
ft  (3  m)  at  the  inner  limit  of  the  refueling  range.  Testing 
was  conducted  at  a  range  of  airspeeds  from  200  to  275 
KIAS.  An  illustration  of  the  tanker  configuration  with  F- 
14  airplanes  engaged  is  shown  in  figure  9. 
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Approach  Position 

At  the  approach  position  100  ft  (30  m)  behind  the 
simulated  drogue  position,  stabilizing  the  S-3  airplane 
required  4  lbs  (18  N)  of  lateral  control  slick  force  away 
from  the  tanker  and  10  to  IS  lbs  (44-67  N)  of  rudder  pedal 
force  away  from  the  tanker  to  counter  the  apparent  adverse 
yaw.  Maintaining  the  approach  position  within  ±3  ft  (1  m) 
was  very  easy  for  the  pilot,  requiring  small  1/4  in  (0.6  cm) 
lateral  and  longitudinal  inputs  every  2-3  seconds  which 
resulted  in  level  I  flying  qualities.  Moving  10  ft  (3  m) 
above  the  stabilized  position  resulted  in  greater  induced 
roll  and  yaw  moments  towards  the  tanker  extended 
centerline.  These  moments  were  easily  countered  with  an 
additional  10  lbs  (44  N)  outboard  laterd  stick  force  and  15- 
20  lbs  (67-89  N)  of  outboard  rudder  pedal  force.  The  high 
position  was  preceded  by  a  high  frequency  airframe  buffet. 
The  position  inboard  10  ft  from  the  centered  position 
resulted  in  higher  inboard  roll  and  yaw  tendency  than  the 
centered  position  but  less  than  the  10  ft  high  position  . 
When  flying  to  the  10  ft  outboard  position,  there  was  a 
less  inboard  roll  tendency  than  the  centered  position  with 
DO  apparent  effects  from  wing  tip  vortices.  The  10  ft  low 
position  was  similar  to  the  outboard  position.  Overall,  the 
changing  flow  field  induced  airplane  moments  were  gradual 
as  the  receiver  moved  within  10  ft  of  the  centered  position 
and  lateral/directionai  control  force  requirements  were  in 
the  same  sense  (not  cross  controlled).  Both  characteristics 
made  flying  qualities  at  the  approach  position  level  I. 

Contact  and  Inner  Limit  Positions 

Flying  qualities  at  the  contact  position  82  ft  (25  m)  behind 
the  simulated  pod,  were  similar  to  the  approach  position 
and  were  generally  level  I  at  all  of  the  positions  within  10 
ft  (3  m)  of  the  centered  position.  Flying  qualities  at  the 
inner  limit  degraded  slightly  to  level  0  at  the  centered, 
high  and  inboard  positions  primarily  due  to  the  presence 
of  moderate  buffet  which  required  continuous  1/4  in  (0.6 
cm)  lateral  and  longitudinal  inputs  to  stabilize  within  ±3  ft 
(1  m).  The  airplane  handling  qualities  at  the  approximate 
refueling  positions  behind  the  P-3  are  more  than  adequate 
for  aerial  refueling  and  superior  to  other  wing  pod  tankers 
recently  tested. 


VARIABLE  GEOMETRY  DROGUE 

Fixed  and  Rotary  Wing  Aerial  Refueling 

The  US  Marine  Corps  uses  KC-130  tankers  in  a  dual  role 

refueling  both  fixed  wing  and  rotary  wing  aircraft.  Because 


of  the  lower  refueling  speeds  for  helicopters  which  range 
from  100  to  120  KCAS,  the  KC-130  is  configured  with  a 
high  drag  drogue  which  maintains  sufflcient  tension  on  the 
hose  for  the  operating  range  of  the  hose  take-up  response 
mechanism.  Fixed  wing  refueling  typically  is  conducted 
between  200  and  265  KCAS  so  the  tanker  must  be 
configured  with  a  lower  drag  drogue  to  maintain  hose  load 
within  the  operating  range  of  the  hose  take-up  response 
mechanism.  The  requirement  to  change  drogues  before 
refueling  fixed  or  rotary  wing  aircraft  severely  limits  the 
flexibility  of  the  tanker.  The  tanker  must  land  ^  have  the 
drogue  changed  before  providing  refueling  support  for  the 
other  type  aircraft.  A  variable  geometry  drogue  with 
sufficient  drag  range  to  accommodate  both  helicopters  and 
fixed  wing  airplanes  is  much  needed  to  improve 
operational  flexibility. 

Standard  Drogue  Position 

Changes  in  free  trail  drogue  position  can  make  a 
significant  difference  in  the  way  the  receiver  airplane  flies 
during  aerial  refueling.  Typically  the  changes  in  receiver 
airplane  position  because  of  the  trail  position  of  the 
drogue  helps  define  the  optimum  refueling  speeds.  Behind 
large  tankers,  the  high  relative  trail  position  of  the  drogue 
places  the  receiver  increasingly  into  increased  buffet 
and/or  dramatic  changes  in  air  flow  patterns  behind  the 
wing  which  can  severely  degrade  airplane  handling 
qualities.  At  slow  speeds,  the  drogue  trails  lower  to  a  point 
where  the  receiver  pilot's  visual  references  are  reduced 
which  can  be  especially  disconcerting  to  the  pilot  at 
night.  Different  trail  positions  of  the  drogue  due  to 
changes  in  airspeed  require  the  receiver  pilot  to  adjust  his 
piloting  technique  to  accommodate  the  changes  in  airflow 
field  effects  and  to  adjusts  his  visual  references  so  that 
proper  lineup  and  closure  rate  control  is  maintained.  A 
variable  geometry  drogue  will  uail  at  a  relatively  standard 
position  so  that  receiver  pilots  are  not  required  to  make 
adjustments  due  to  changes  in  airflow  field  effects  and 
sight  picture.  The  ultimate  goal  is  to  make  aerial  refueling 
as  routine  as  possible. 

Hose  Response 

Current  hose  take-up  response  mechanisms  and  their 
operating  capabilities  are  limited  by  the  targe  changes  in 
drag  with  airspeed  which  is  inherent  in  fixed  geometry 
drogues.  Two  schools  of  thought  for  providing  hose  take- 
up  response  during  contacts  are  as  follows: 

a.  Limited  airspeed  envelope,  fixed  response  rale. 

b.  Wide  airspeed  envelope,  variable  response  rate. 

Benefits  to  the  two  types  of  response  systems  are 
discussed  in  the  following  paragraphs. 

Fixed  Response  Systems 

The  fixed  response  rate  systems  are  simple,  reliable  and 
work  quite  well  at  optimum  speeds.  However,  as  you 
deviate  from  optimum  speeds,  the  characteristics  of  the 
system  become  degraded  in  different  ways  depending  on 
whether  you  are  slow  or  fast  in  airspeed.  As  speed  is 
decreased,  drogue  drag  becomes  less  able  to  overcome  tbe 
constant  tendency  for  hose  to  reel  in.  A  speed  somewhat 
higher  than  the  point  were  drogue  drag  equ^s  take-up  hose 
tension  sets  the  lower  speed  limit  because  the  ability  of 
the  receiver  airplane  prob  to  latch  into  the  reception 
coupling  is  degraded  without  some  amount  of  static  load. 
Also,  drogue  drag  needs  to  be  higher  than  take-up  tension 
to  overcome  breakout  plus  friction  in  the  reel.  Otherwise, 
in  range  disconnects  can  occur,  which  result  in  tbe  drogue 
remaining  in  a  position  not  fully  extended.  Tbe  upper 
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speed  limit  of  the  fixed  response/fixed  drag  system  is  set 
by  receiver  probe  strength.  For  example,  assuming  a  bose 
U^e-up  tension  of  300  lbs  (1.33  kN),  a  4.0  q  drogue  at  32S 
KEAS  would  result  in  a  static  toad  on  the  receivers  probe  of 
1,135  lbs  (5.03  kN).  Coupled  with  increased  load  due  to 
impact,  refueling  probe  limit  loads  can  be  exceeded.  The 
answer  to  these  limitations  is  to  optimize  the  static  load 
on  the  probe  for  best  latching  characteristics  while 
providing  adequate  probe  strength  margin.  A  variable 
geometry  drogue  would  allow  optimizing  the  static  load  on 
the  probe  while  expanding  the  usable  airspeed  envelope 
without  potential  for  exceeding  probe  strength. 

Variable  Response  Systems 

The  variable  response  rate  systems  work  well  over  a  wide 
range  of  speeds  but  tend  to  be  mechanically  limited  in 
speed  range  and  produce  varying  response  characteristics 
with  respect  to  hose  4ake-up  response  because  of  the 
different  bose  trail  angle  characteristics  of  fixed  geometry 
drogue  systems.  These  systems  set  hose  take-up  response 
as  a  function  of  airspeed  typically  by  setting  a  reference 
hydraulic  pressure  based  on  hose  tension.  As  the  receiver 
makes  contact  with  the  drogue,  this  causes  an  imbalance  in 
the  hydraulic  servo  valve  which  then  cau‘;es  the  reel  motor 
to  reel  in  the  hose  until  the  reel  is  again  supporting  the 
drag  of  the  drogue  and  balance  in  the  servo  valve  is 
achieved.  The  airspeed  range,  however,  is  limited  by  the 
mechanical  range  of  the  reference  boost  cylinder  which 
theoretically  could  be  designed  to  accommodate  the  much 
lower  speeds  of  helicopter  refueling  using  the  same  drogue. 
The  problem  is  the  low  trail  position  of  the  drogue  would 
require  extensive  modifications  of  the  drogue  level  wind 
mechanism  and  exit  chute  area  to  accommodate  the  wide 
range  of  hose  trail  angles  illustrated  in  figure  10. 


FUTURE  PROJECTS 

Future  projects  will  include  receiver  compatibility  testing 
with  the  KC-135  configured  with  wing  aerial  refueling 
pods.  We  are  also  in  the  planning  stages  of  a  feasibility 
program  to  conduct  receiver  engagements  with  a  dry  bose 
P-3  wing  pod  tanker  to  be  followed  by  prototype 
development  if  the  feasibility  program  is  successful.  Work 
is  underway  to  get  preliminary  drag  data  for  a  variable 
geometry  drogue  concept  for  application  on  the  U.S. 
Marine  Corps  KC-130  tanker.  And  to  improve  tanker 
accessibility  to  military  planners  during  joint  exercises 
between  participating  nations,  we  are  pursuing  a 
qualification  program  to  verify  and/or  improve 
interoperability  between  tankers  and  receivers  from 
various  nations. 
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Hose  Trail  Angle  as  a  Function  of  Airspeed 

A  variable  geometry  drogue  designed  to  provide  constant 
drag  over  a  wide  range  of  airspeeds  would  result  in  a 
constant  optimum  trail  angle  for  hose  carriage 
mechanisms,  pod  exit  chutes  and  receiver  visual  tanker 
references.  Additionally,  the  complicated  variable 
response  mechanism  could  be  discarded  altogether  reducing 
the  complexity  of  the  bose  response  system. 

CONCLUSIONS 

Receiver  flying  qualities  behind  large  wing  pod  tankers 
are  extremely  dependent  on  the  receivers  position  in  space 
while  refueling.  Large  wing  pod  AR  tanker  designs  require 
receiver  proximity  testing  before  freezing  the  design  to 
optimize  receiver  refueling  position  behind  the  tanker  and 
give  the  receiver  pitot  the  test  flying  conditions  possible. 
The  concept  of  a  variable  geometry  drogue  that  maintains  a 
relatively  constant  position  in  space  regardless  of  airspeed 
baa  potential  to  provide  tanker  designers  flexibility  in 
tailoring  the  refueling  package  to  provide  a  drogue 
position  optimized  for  receiver  flying  qualities  and  sight 
picture. 
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SUMMARY 

This  paper  presents  a  process  that  leads  from 
comprehensive  tanker  system  requirements  analysis  to 
the  development  of  a  technology  "road  map."  This  road 
mrqp  is  a  matrix  listing  key  technology  requirements  for 
future  air  refueling  tanker  aircraft  curabilities,  and  the 
current  status  of  research  and  development  activities  in 
these  key  areas.  Generalired  examples  from  material 
prepared  under  a  U.S.  Air  Force  Contracted  Research 
and  Development  (CRAD)  study  are  utilized 

Multi-mission  capabilities  (i.e.,  tanker,  and  cargo  and 
passenger  transport)  are  often  preferred  for  these  new 
aircraft.  This  allows  the  flexibility  of  use  for  many 
purposes  besides  that  of  just  air  refueling:  military 
cargo  and  passenger  deployments,  humanitarian  relief, 
medical  air  evacuation,  executive  transport,  etc.  For  this 
reason  these  tankers  are  often  referred  to  as  "tanker/ 
transports"  to  emphasize  these  capabilities.  In  this 
paper,  the  term  "tanker"  is  used  to  describe  what,  in  all 
likelihood  will  be  a  tanker/transport. 

1.  SYSTEM  REQUIREMENTS  DEFINITION 

In  order  to  validate  the  need  for  any  new  air  refueling 
(AR)  tanker  system  and  its  performance  requirements,  a 
thorough  systematic  requirements  analysis  needs  to  be 
performed.  The  intent  of  this  paper  is  to  offer  one 
methodical  approach  that  could  be  used  in  developing 
the  design,  technology,  and  operational  support 
requirements  for  a  tanker  fleet  procurement. 

This  paper  presents  a  structured  sequence  of  five 
primary  taslu  (Figure  1)  that  can  be  used  to  define  the 
functional  and  performance  requirements  for  any  new  or 
derivative  tanker  aircraft. 


Contract  No.  F33657-90-D-0029,  Task  Order  0008 
'Tanker  Technology  Trade  Studies:  Low  Altitude 
Aerial  Refueling  (LAAR)  Operations.”  Final  Report 
MDC  K5530,  dated  15  March  1991,  prepared  for 
USAF/AFSC  Aeronautical  Systems  Division, 
Wright-Patterson  AFB,  Ohio  45433. 


This  approach  starts  with  the  using  service  (i.e.,  a 
NATO  Nation  Air  Force)  utilizing  their  mission 
scenarios  to  define  major  mission  needs,  including 
projected  enroute  threat  definitions.  System 
requirements  are  generated  during  this  phase.  Next, 
candidate  airframes  available  for  modification  to 
tankers  need  to  be  identified.  Once  this  is  done, 
then  the  ability  of  these  candidates  to  perform  the 
tanker  missions  can  be  evaluated.  If  there  are 
significant  performance  or  survivability  shortfalls,  an 
Enhancement  Analysis  can  be  conducted.  Finally,  a 
candidate  aircraft  can  be  recommended.  Or.  if  there 
is  no  totally  satisfactory  solution,  concepts  can  be 
re-evaluated  by  going  Arou^  Tasks  3,  4,  and  5 
again,  possibly  with  new  candidate  airframes  from 
Task  2. 

Each  of  these  five  tasks  are  described  in  the 
following  sections,  in  varying  levels  of  detail.  The 
emphasis  in  this  paper  is  on  the  first  task: 
Generating  a  comprehensive  needs  statement  and 
defining  the  various  measures  of  effectiveness  that 
can  be  used  to  discriminate  among  candidate 
airframe  solutions. 

1.1  Mission  Needs  Statement. 

Based  on  user-provided  scenarios,  analyses  are 
conducted  to  generate  a  Mission  Needs  Statement. 
This  identifies  desired  aerial  refueling  mission 
capabilities  and  system  needs.  Other  roles  and 
missions  (e.g.,  cargo,  passenger,  aero-medical 
evacuation)  desired  for  the  aircraft  must  also  be 
considered  at  this  point.  Measures  of  effectiveness 
to  be  used  in  later  analyses,  are  defined  during  this 
first  step  in  the  process. 

A  functional  analysis  is  also  performed  as  an 
element  of  this  task.  This  analysis  identifies, 
through  an  iterative  process,  tanker  functions 
required  to  implement  the  mission.  This  leads  to 
the  identification  of  tanker  systems  and  the 
allocation  of  requirements  to  those  systems. 

1.1.1  Scenario  Definition 

A  comprehensive  set  of  scenarios  that  delineate  the 
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potential  range  of  tanker  missions  needs  to  be  defined 
by  tile  using  National  Air  Force.  If  applicable, 
emphasis  may  be  placed  on  multi-role  Tanker/Transport 
utilization. 

The  mission  scenarios,  if  definitive,  can  also  be  used  to 
size  the  force  of  tankers  required  and  comparatively 
evaluate  candidate  tanker  force  cost  effectiveness. 

It  caimot  be  emphasized  too  strongly  that  the  scenarios 
generated  by  the  using  service  must  be  comprehensive, 
with  regard  to  expected  usage  of  the  tanker  aircraft,  and 
demanding  yet  realistic  in  their  expectations  of  its 
capabilities.  Otherwise,  the  value  of  the  total 
requirements  development  and  selection  process  can  be 
seriously  degraded. 

Tanker  missions  can  be  broken  down  into  the  following 
types,  assuming  multi-role  tasking;  primary  elements  that 
should  be  considered  in  a  comprehensive  missior. 
definition  are  also  listed; 

MISSIONS 

1.  DEPLOYMENTS  (LONG  RANGE) 

A.  Air  Force  Deployments 

(1)  Tasking: 

0  Refuel  Fighters  and  Other  Transport 
Aircraft 

o  Provide  Control  and  Escort 

Communication  and  Navigation  Functions, 
if  Required 

0  Transport  Cargo  and  Personnel 

(2)  Mission  Elements; 

o  Units;  Types,  Quantities,  Support 
Equipment  and  persotmel 
0  Timing 

o  Routes,  Bases,  Geopolitical  Factors 
o  Threat  Environment 

B.  Ground  Force  Deployments 

(1)  Tasking; 

o  Refuel  Other  Transport  Aircraft 
o  Transport  Cargo  and  Personnel 

(2)  Mission  Elements; 

0  Units:  Types  &  Quantity  of  Equipment 
o  Timing 

o  Routes,  Bases,  Geopolitical  Factors 
o  Threat  Environment 

C.  Humanitarian 

(1)  Tasking; 

o  Transport  Cargo  and  Personnel 
o  Refuel  other  Transport  Aircraft 

(2)  Mission  Elements: 

o  Cargo,  Passengers 
o  Aeromedical  Evacuation 

D.  Special  Air  Missions 
(Government  Executive  Transport) 

Tasking;  Transport  Personnel  and  Cargo 


2.  EMPLOYMENTS  (AIR  FORCE  IN-THEATER) 

A.  Tasking; 

0  Refuel  Fighter/Attack  (including  Naval 
Force)  Aircraft 

o  Refuel  Airborne  Warning  and  Control 
System  (AWACS)  Platforms 

B.  Mission  Elements: 

0  Units:  Types,  Quantities  (Sortie  Force 
Structure) 

0  Fighter/Attack  Aircraft  External  Store 
Configurations 
o  Timing 

o  Routes  and/or  Radii  of  Action,  Basing 
Structure 

o  Tactical  Requirements 
o  Threat  Enviroiunent 

3.  SPECIAL  OPERATIONS 

A.  Tasking; 

o  Refuel  Special  Mission  Aircraft,  Including 
Helicopters 

o  Transport  Cargo  and  Personnel 

B.  Mission  Elements; 

o  Unique  System  Requirements 
0  Unique  Operational  Requirements 
o  Unique  Tactical  Requirements 
o  Threat  Environment 

In  each  of  these  missions  there  may  be  specific  air 
refueling  tasks  to  be  accomplished  either  as  an 
element  of  the  primary  mission  or  by  separate 
supporting  mission  ta^ng.  As  an  example  of  air 
refueling  as  an  element  of  the  primary  mission  task, 
using  Mission  I.A.,  Air  Force  Deployments:  The 
tanker  is  tasked  to  air  refuel  deploying  fighters, 
while  on  this  same  mission  it  is  also  tasked  to  carry 
supporting  cargo  and  passengers  (a  "mission  tanker/ 
transport"  role). 

In  a  supporting  role,  the  tanker  may  be  based 
somewhere  along  the  deployment  route,  and  tasked 
to  air  refuel  the  mission  tatiker  and/or  its 
accompanying  fighters  enroute.  If  the  supporting 
tanker  is  at  the  departure  base,  it  can  be  tasked  to 
"top  off  the  mission  tanker  and/or  fighters  so  they 
can  fly  further  on  the  initial  mission  leg. 

In  a  similar  case,  if  the  tanker  is  only  tasked  to 
carry  cargo  and/or  passengers  in  Mission  l.B.  it 
may  be  necessary  to  have  supporting  tankers  air 
refuel  the  mission  aircraft  or  other  cargo  transports 
enroute. 

1.1.2  Measures  of  Effec  tiveness 

Measures  of  effectiveness  related  to  the  performance 
of  tanker  and  tanker/cargo  aircraft  missions  can  be 
selectively  used  to  measure  the  capability  of 
competing  airframe  candidates. 


Generally,  these  measures  of  effectiveness  can  be 
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categorized  into  basic  tanker  airframe  performance 
capabilities,  performance  related  to  the  missirms 
supporting  specific  receiver  aircraft,  scenario-specific 
missions,  tanker  force  sizes  to  support  specific  scenarios, 
and  the  life  cycle  cost  of  those  forces. 

When  determining  force  sizes  and  costs,  the  total  system 
must  be  considered:  The  aircraft,  its  supporting  logistics 
system,  and  flight  crew  maiming.  The  logistics  systems 
spare  parts  inventory,  maintenance  equipment  and 
peisoimel  availability,  and  flight  crew  manning  leveb 
determine  airframe  availability  in  terms  of  flying  hours 
per  day,  and  can  impact  ground  tum-around  service 
times.  In  USAF  usage,  the  term  "wesqwn  system"  is 
used  even  for  transport  aircraft  systems  to  emphasize 
this  total  system  crqrability. 

Potentially  useful  measures  of  effectiveness  are  tabulated 
below,  and  some  graphical  examples  are  given  in  the 
accompanying  illustrations: 

MEASURES  OF  EFFECTIVENESS 

1.  BASIC  CAPABILITIES 

A.  OFFLOAD  Vs.  RADIUS-OF-ACTION 
(See  Figure  2) 

B.  TIME-ON-STATION  (ToS)  Vs.  RADIUS-OF- 
ACTION  (RoA) 

(See  Figure  3) 

C.  OFFLOAD  Vs.  TIME-ON-STATION  Vs. 
RADIUS-OF-ACnON 

(See  Figure  4) 

D.  PAYLOAD  Vs.  RANGE 
(See  Figure  5) 

E.  TAKEOFF  GROSS  WEIGHT  Vs.  FIELD 
LENGTH 

Aso  a  Function  of  Atitude,  Temperature, 
Runway  Condition 

F.  GROSS  WEIGHT  Vs.  LOAD 
CLASSfiFICATION  NUMBER  (LCN) 

2.  RECEIVER  SPECIHC  CAPABILITIES 

A.  No.  RECEIVERS  SUPPORTED  Vs.  TIME-ON- 
STATION  Vs.  RADIUS-OF-ACTION 

(See  Figure  6) 

B.  No.  RECEIVERS  SUPPORTED  Vs.  PAYLOAD 
Vs.  RANGE  (See  Figure  7) 

3.  SCENARIO  SPECIFIC  CAPABILITIES 

A.  RGHTER  DEPLOYMENTS 

(With  Specific  Routes,  Route  Winds,  Abort  and 
Support  Bases  Available,  etc.) 

(1)  Number  of  Fighters  Deployed  plus  Support 
Cargo  and  Personnel  Carried  (Single  Tanker 
Measure  of  Effectiveness). 

(See  Figure  8  and  9  *) 

(2)  Tanker  Force  Required  for  Unit  Closure 
(Multiple  Tanker  Measure  of  Effectiveness) 


B.  GROUND  FORCE  DEPLOYMENTS 
(With  Specific  Routes,  Route  Winds,  Bases 
Available) 

(1)  Cargo  and/or  Passenger  Capabilities 
(Single  Transport  Measures  of 
Effectiveness) 

a.  Number  of  Pallet  Loads 

b.  Types  of  Vehicles  Loadable 

c.  Number  of  Passengers 

d.  Load  Flexibility  (Mix  of  Cargo  and 
Passengers) 

e.  Ground  Handling  &  Cargo  Loading 
Equipment  Required 

f.  On-Board  Loa^r  (OBL)  Availability 

g.  Built-in  Cargo  Loading  Ramp 
(Note  that  if  a  military  cargo  aircraft, 
such  as  the  C-130  or  C-17,  is  chosen 
for  modification  into  a  tanker  role,  the 
need  for  an  OBL  or  high-lift  loading 
equipment  is  eliminated.) 

(2)  Force  Capability  (Multiple  Transport 
Measures  of  Effectiveness) 

a.  Unit  Qosure 

b.  Through-Put  (e.g.;  Ton-Miles  per  Day) 

C.  FIGHTER/ATTACK  ARCRAFT  COMBAT 
AIR  PATROL  OR  STRIKES 

(1)  Radius  of  Action  (Single  Tanker  Measure 
of  Effectiveness) 

(2)  Tanker  Force  Required  (Multiple  Tanker 
Measure  of  Effectiveness) 

4.  FORCE  SIZE 

A.  PARAMETRIC  MODELING 

Force  Size  as  a  Function  of  Multiple  Generic 
Variables: 

(1)  Operational  Variables  (Radius  to  the  air 
refueling  track,  24-Hour-a-Day  or  Periodic 
Daily  Operations,  Scheduled  or 
Continuous  Operations) 

(2)  Tanker  Capability  (Performance,  Weights, 
Utilization  Rates  (flight  hours  per  day). 
Sorties  per  Day,  Ground  Turn  Around 
Time) 

(3)  Receiver  DemaiKls  (No.  of  Receivers  in  a 
"Cell,"  Fuel  Onloads  per  Receiver,  Time 
between  Cell  Arrivals,  Fuel  Transfer  Rate, 
Receiver  Hookup  Time) 


•  Note:  This  example  uses  a  "real  world"  training 
deployment  case  developed  early  in  the  Royal 
Netherlands  Air  Force  (RNLAF)  KDC-10  Ingram. 
Extremely  conservative  assumptions  were  used  for  a 
very  demanding  mission  in  order  to  determine 
whether  there  would  be  any  need  to  consider 
supplemental  lower  fuselage  fuel  tanks.  As  can  be 
seen  from  the  resulting  mission  capability  of  the 
KDC-IO  with  only  existing  wing  foel  tanks, 
supplemental  fuel  was  not  requited. 
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B.  SCENARIO -DRIVEN  MODELS  & 
SIMULATIONS 

Force  Size  or  Force  Effectiveness  in  support  of 
specific  scenarios,  such  as  those  listed  under 
category  3,  above. 

5.  FORCE  LIFE  CYCLE  COSTS 

Total  wesson  system  (aircraft  system,  logistics 
system,  training  system)  and  its  operations  and 
support  costs: 

A.  ACQUISITION 

Includes  research,  development,  test,  and 
engineering  (RDT&E),  production/modification, 
flight  test,  and  support  investment. 

B.  OPERATION  &  SUPPORT 

Operations  and  support  (O&S)  costs  include  unit 
mission  personnel,  unit  consumption,  organic, 
inteimediate  and  depot  level  maintenance, 
sustaining  investment,  installation  support 
peisonnel,  indirect  personnel  support,  and 
peisonnel  acquisition  and  training. 

O&S  costs  will  be  very  dependent  on  the  type 
of  maintenance  system  chosen,  whether  a  toUdly 
using-service-provided  organization  (USAF 
standard  for  large  fleets  of  same-type  aircraft 
operating  out  of  many  bases),  or  a  Contractor 
Logistics  Support  (CLS)  organization  (the  USAF 
uses  a  CLS  approach  for  its  moderate  sized  fleet 
of  about  60  KC-10  operating  out  of  three  main 
operating  bases),  or  some  combination  of  the 
two.  For  small  quantities  of  unique  aircraft,  a 
CLS  approach  may  be  the  most  practical. 

1.1.3  Functional  Analysis 

Functional  analysis  provides  a  structured  way  of 
accounting  for  all  the  tanker  aircraft’s  mission-driven 
sy.stem  requirements.  This  will  include  requirements  for 
all  elements  of  its  air  refueling-specific  systems  and 
functionally  related  supporting  systems  (communication, 
navigation,  lighting).  Requirements  for  ancillary  mis,sion 
equipment,  such  as  cargo  or  passenger  provisions,  or 
special  equipments  to  support  unique  missions  such  as 
aeromedical  evacuation  or  executive  transport  should 
also  be  considered  in  this  task.  Some  major  elements  of 
a  tankerAransport  functional  analysis  are  giver  below, 

FUNCTIONAL  ANALYSIS  FXEMENTS 

I  AIR  REFUELING  REQUIREMENTS 

A  Boom  (for  Receptacle-Equipped  Receivers) 

( 1 )  Boom  Mounting  Location 

(2)  Control  Station  Location 

a.  Direct-view  in  tower  fuselage 
compartment 

b.  Remote-view  on  luitm  deck 

(Remote  Air  Refueling  Operator  (RARO) 
Station) 


B.  Hose/Drogue  (for  Probe-Equipped  Receivers) 

(1)  Installation  Location 

a.  Fuselage  (Interior,  Exterior) 

b.  Wing-Mounted 

(2)  Control  Panel  Location 

C.  Supporting  Fuel  Systems 

D.  Supporting  Communications,  Lighting,  and 
Navigation  (Including  Rendezvous)  Equipment 

E.  Supplemental  Fuel  Tanks 

F.  Air  Refuelable  Tanker  Capabilities 
(Receptacle,  Probe,  Boom  or  Probe  Reverse 
Air  Refueling) 

2.  CARGO  HANDLING  REQUIREMENTS 

A.  Bulk  Cargo  (Palletized  or  ’Containers) 

B.  Vehicles  or  Other  Rolling  Stock 

C.  Self-Loading  (OBL) 

D.  Cargo-Loading  Door  or  Ramp 

3  PASSENGER  ACCOMMODATIONS 

A.  Standard  Passengers 

( 1 )  Permanent 

(2)  Optional/Rc.novable 

B.  Aeromedical  Evacuation 

C.  Special  Air  Mission 

4.  AIRHELD  OPERATION. 'X  RESTRICTIONS/ 
CAPABILITIES 

A.  Short  Field  Takeoff  or  Landing 
8.  Auslere/Unimproved  Field  Opemtions 

C.  LCN  Limitations 

D.  Self-Support  Capabilities 

E.  Bulk  Fuel  Offload 

1.2  Candidate  Airframes 

In-service  airframes  which  could  be  candidates  for 
modification  to  the  tanker  role,  and  their  relevant 
performance  and  mission  capabilities,  are  defined. 
Once  in-service  airframes  are  evaluated  (and 
possibly  eliminated  as  candidates),  other  military  and 
commercial  transports  can  be  identified.  The  last 
optiop  is  that  of  designing  and  developing  a  new 
tanker  aircraft. 

For  moclified  airframes,  if  the  primary  receivers  are 
all  probe-equipped,  then  the  addition  of  wing- 
mounted  air  refueUng  hose/drogue  pods  or  a 
centerline  fuselage  installation  to  the  tanker  is 
usually  le.ss  of  a  problem,  than  if  the  receivers  have 
air  refueUng  receptacles.  Then  the  l.ankers  have  to 
be  equipped  with  the  boom  system  and  the 
associ.ated  operator  control  station  installations 

1.2.1  In  Srn  ice  Transport  Conversion 

Cargo  or  passenger  transport,  or  large  bomber 
airfiames  that  arc  already  in  the  National  Air  Force 
inventory  are  probably  easiest  for  that  service  to  use 
for  conversion  to  tankers.  Besides  size  and 
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appropriate  prq)ulsion  system,  issues  generally  focus  on 
current  need  in  their  primary  role,  airframe  condition 
and  remaining  useful  life,  and  ease  and  cost  of 
conversion  to  the  tanker  role  in  the  required 
configuration. 

1.2.2  Other  Military  Transport  Conversion 

Either  new  or  used  transports,  if  available  from  another 
National  Air  Force,  could  be  candidates  for  tanker 
modifications.  Many  nations  have  converted  new  or 
used  C-130  cargo  aircraft  to  tankers  by  adding  wing 
pods,  or,  in  a  few  cases,  a  cargo-ramp  mounted 
hose/drogue  reel.  Many  also  add  suppler  ital  fuel 
tanks,  either  wing-niounted  pods  or  main  cargo  deck 
installations. 

Another  example  of  military  sales  was  the  French  Air 
Force  acquiring  new  KC-135A  directly  off  the  Boeing 
production  line  through  US  Government  Foreign  Military 
Sales  (FMS).  These  were  later  re-engined  with  CFM- 
S6  plus  other  modifications. 

When  the  C-17  enters  operational  service  in  the  USAF 
it  should  also  be  available  for  FMS  acquisitions.  This 
large,  capable  cargo  airplane  could  be  modified  into  a 
"Cargo/Tanker"  with  significant  air  refueling  capabilities. 
Studies  have  already  been  dotte  for  some  interested 
NATO  countries  (Canada  for  one)  to  develop 
configuration  and  performance  alternatives.  If  only 
probe-equipped  receivers  have  to  be  refueled, 
preliminary  evaluations  have  concluded  that  adding  the 
KC-lOA’s  FRL  Mk.  32B  wing  pods  to  existing  C-17 
wing  hard  points  would  be  a  relatively  straight  forward 
installation.  Another  modification  that  may  be 
worthwhile  considering  is  activating  the  dry  center  wing 
bay  as  a  10,000  U.S.  gallon  (37,850  liters)  fuel  tank, 
which  significantly  improves  tanker  offload  and  range 
performance. 

1.2.3  Other  Civilian  Transport  Conversion 

An  almost  traditional  route  to  acquiring  tankers  has  been 
the  modification  of  commercial  passenger  jet  transports, 
either  first  generation  narrow-bo^ed  aircrafi  (e.g., 

Boeing  707,  Douglas  DC-8)  or  second  generation  wide- 
bodies  (e.g.,  L^-  heed  HOll,  Douglas  DC-10).  Also, 
all  the  survivi  .  major  airfi’ame  producers  (including 
those  in  the  former  Soviet  Union)  would  be  happy  to 
.sell  any  of  their  new  jets  to  governments  interested  in 
modifying  them  into  tankers. 

1.2.4  New  Tanker/Transport  Aircraft  Development 

The  last  option,  because  it  would  be  the  most  expensive, 
is  to  design,  develop,  and  produce  a  wholly  new  tanker 
aircraft.  If  a  new  cargo  transport  is  to  be  developed, 
such  as  the  current  European  Future  Large  Aircraft 
(FLA)  program,  then  air  refueling  features  are  included 
because  of  the  necessity  of  making  any  new  military 
airframe  capable  of  mul'i-role  utilization. 


1.3  Capabilities  Analysis 

This  analysis  determines  functional  and  performance 
strengths  and  shortfalls  of  the  candidate  airfiames 
and  interfacing  systems  relative  to  the  required  air 
refueling  capabilities  specified  in  ±c  Missioii  Needs 
Statement. 

1.3.1  Candidate  Airframe  Functional  Capabilities 

In  this  task  the  suitability  of  the  candidate  airframe 
to  accept  tanker  mission-specific  modifications  are 
evaluated.  Again,  the  extent  of  these  modifications 
are  dependent  on  the  receivers  to  be  refueled  (probe 
and/or  receptacle  equipped),  and  the  need  to 
augment  basic  performance  (such  as  supplemental 
fuel  tanks,  or  new,  higher  performance  engines). 

1.3.2  Candidate  Airframe  Performance  Comparison 

Once  candidate  airframes  have  been  sufficiently 
defined,  then  their  performance  can  be  assessed 
against  those  Measures  of  Effectiveness  that  have 
been  selected  as  most  appropriate  in  Task  1  (Section 
1.1.2). 

1.3.3  Candidate  Airframe  Sunivability 

If  threat  environments  are  a  serious  concern,  then 
the  capability  of  the  candidate  aircraft  to  survive 
that  environment,  using  either  built-in  hardening, 
counter  measure  suites,  or  tactics,  is  evaluated 
against  the  threats  defined  in  Task  I  (Section  1.1.1) 

Unlike  commercial  transports,  some  military  aircraft, 
such  as  the  new  USAF  C-17  have  been  designed 
from  inception  to  "go  in  harm's  way."  The  C-17 
design  incorporated  survivability  features,  including 
fuel  tank  inerting  (the  Onboard  Inert  Gas  Generator 
System)  and  component  separation,  which  help 
harden  the  aircraft  against  conventional  weapons 
such  as  armor  piercing  and  high  explosive 
projectiles.  In  addition,  structural  design  for  low 
altitude  penetration  capability  reduces  aircraft 
detectability  and  exposure  to  hostile  fire. 

1.4  Enhancements  Analysis 

The  Enhancements  Analysis  addres,ses  significant 
shortfalls,  if  any,  identified  in  Ta.sk  3,  and  defines 
those  modifications  to  the  candidate  airframes 
deemed  necessary  to  complete  the  specific  tanker 
mission  flight  profiles  and  operational  functions. 

This  includes  enhancing  tanker  survivability. 

1  4. 1  Moditicoiinns  Required 

It  may  be  determined  that  surviving  candidate 
airframes  may  need  further  modifications  in  one  of 
the  following  areas  to  meet  mandated  design  goals: 
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1.  Function  Enhancements 

Examples  of  functional  enhancements  (see  Section 
1.1.3  and  1.3.1)  are  improvement  in  fuel  transfer 
rate,  adding  multi-point  air  refueling  capability, 
adding  cargo  handling  equipment  (e.g.,  rollers  on 
the  main  deck  floor  or  a  large  cargo  door),  or 
provisions  for  medical  evacuation. 

2.  Performance  Enhancements 

Examples  of  these  enhancements  are  anything  that 
improves  the  candidate  airframe’s  performance  when 
measured  against  the  selected  measures  of 
effectiveness  of  Task  1  (see  Section  1.1.2  and  1.3.2) 

3.  Survivability  Enhancements 

Given  inputs  from  scenarios,  mission  profiles, 
projected  threat  environment,  and  the  initial 
susceptibility  and  vulnerability  analyses,  it  may  be 
necessary  to  consider  further  survivability  features. 
One  example  is  the  addition  of  special  counter¬ 
measure  pods  or  installations. 

1.4.2  Modified  Aircraft  Capabilities 

If  the  candidate  airframe  has  been  modified,  it  then  must 
be  re-evaluated  in  each  affected  area; 

1.  Functional  Capabilities 

2.  Performance  Capabilities 

3.  Survivability 

1.5  Solution  CoiKepts 

Candidate  aircraft  that  meet,  or  can  be  modified  to  meet, 
the  tanker  system  requirements  are  proposed. 

Performance  improvement  trade-offe,  technical  risk,  life 
cycle  cost,  and  effectiveness  analyses  on  those  systems 
and/or  design  changes  are  also  evaluated  during  this 
study  phase. 

1.5.1  Candidate  Tanker/Transport  Systems 

In  this  step  in  the  process,  candidate  aircraft  should  be 
evaluated  in  the  following  major  areas  to  determine  the 
program  finalist(s): 

1.  Performance  Capabilities  Comparisons 

2.  Technical  Risk  Comparisons 

3.  Life  Cycle  Cost  Comparisons 

1.5  2  Recommended  System 

Finally,  if  the  de.sign  office  has  a  clearly  superior 
candidate,  it  will  probably  have  to  produce  reports  for 
higher  levels  recommending  the  candidate  airframe  and 
the  program  for  its  acquisition  and  introduction  to 
operational  .service. 

(or) 

1.5.3  Re-Evaluate  Candidates 


At  this  point  the  respon.sible  design  office  may 
chose  to  re-evaluate  surviving  candidate  systems  by 
iterating  through  Tasks  3,  4,  and  5.  Maybe  even 
revisiting  Task  2  ts  find  more  capable  (or  lest 
costly)  alternatives. 

2.  TANKER  TECHNOLOGY  PLANS 
DEFINITION 

Technology  requirements  considerations  for  future 
tanker  capabilities  are  shown  on  Figures  10  and  11. 
Requirements  (the  Work  Breakdown  Structure 
(WBS)  elements)  have  been  collected  from  U.S.  Air 
Force  and  DoD  agencies,  and  from  discussions  at 
various  Aerial  Refueling  Systems  Advisory  Group 
meetings.  (ARSAG  is  a  Congressionahy  charter^ 
organization  chaired  by  Headquarters  AMC  (Air 
Mobility  Command)  to  deal  with  Air  Force,  DoD 
inter-service  and  international  aerial  refueling 
technical  and  operational  issues.) 

Programs  listed  in  the  next  column  are 
representative  of  those  that  either  have,  or  will 
require,  that  particular  technology.  The  programs 
listed  are  not  complete  nor  comprehensive,  simply 
best  guesses  at  representative  ones. 

The  ’Technology  Status’  entries  are  estimates  of 
whether  efforts  have  been,  or  are  being  conducted  in 
one  of  the  four  USAF  AFMC  (Air  Force  Material 
Command)  budget  categories: 

1.  Research 

2.  Exploratory  Development 

3.  Advanced  Development 

4.  Engineering  and  Manufacturing  Development 

In  this  example,  entries  in  category  4  may  also  be 
for  advanced  technology  elements  that  are  out  of 
development  and  either  in  production  or  operational, 
but  may  not  be  generally  available. 

At  this  point  in  time,  the  status  of  technology 
activities,  indicated  by  a  ’X’  in  one  or  mote  of  the 
four  categories,  are  b«t  estimates  by  a  McDonnell 
Douglas  study  team  in  the  course  of  performing  the 
study  of  Reference  1.  These  need  to  be  reviewed 
and  updated  by  the  tanker  community,  or  by  a 
tanker  program  office,  if  and  when  a  new  program 
is  initiated. 

The  ’Priority’  entry  field  is  blank  in  this  example, 
but  could  be  a  numeric  rating  (for  example,  from  1 
to  10.  1  being  highest  priority).  This  could  be  used 
by  the  responsible  program  office  to  set  overall 
research  and  development  activity  priorities  as  they 
apply  to  the  needs  of  a  specific  ta^er  program. 

Treated  as  ’living  documents,  ”  these  charts  can 
provide  a  long  range  planning  tool  for  defining, 
setting  priorities,  funding,  contracting  and  controlling 
future  tanker  research  and  development  activities. 


Figure  1.  Tanker  System  Requirements  Deveiopment  Task  Fiow 


Tanker 
A  « 


Notes-: 


Radius  of  Action  (N  Mi  or  Km)  - - 

Figure  2.  Offload  vs.  Radius-of-Action  Example 

A3.0Mr  dtJOtm 


UOMf  OMtV 


Offload  (Lb  or  Kg) 


Notes: 

o  Hold  On-Station  at  30,000  ft 
(Before  Offload) 
o  Instantarteous  Offload 
o  Reserves: 

1/2-Hour  Hold  at  Sea  Level.  Plus 
5%  Fuel  Row  Conservatism 
0  Tanker  Configuration 


Time-on-Station  (Hours)  - - 

Figure  4.  Offload  vs.  ToS  vs.  RoA  Example 


Tanker  A 


Notes: 

o  Reserves: 

1/2-Hour  Hold  at  Sea  Level,  Plus 
5%  Fuel  Flow  Conservatism 
o  Cargo  Corrfiguratlon 


Tanker  C 


Range  (N  Mi  or  Km)  - - 

Figure  5.  Payload  vs.  Range  Example 


Cargo  (Lb  or  Kg)  ►  Time-on-Station  (Hours) 
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Figure  6.  No.  of  Receivers  Supported  vs.  ToS  vs.  RoA  Exampie 

M-Omir  asiOi«) 


Range  (N  Mi  or  Km)  - ► 

Figure  7.  No.  of  Receivers  Supported  vs.  Payload  vs.  Range  Example 


MCilN 
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CONRGURATION 


WEIGHTS  (LB) 

TAKE  OFF  GROSS  WEIGHT 
OPERATING  EMPTY  WEIGHT 
MAX  ALLOWABLE  CARGO 
MAX  FUEL  LOAD 

MISSION  PLANNING 
RESERVES  (LB) 


TANKERTTRANSPORT 
_ kdc-io-3(x;f _ 

CENTERLINE  BOOM 
CARGO  &  PASSENGER  PROVISIONS 
NO  SUPPLEMENTAL  FUEL 


565,000 

250,000 

151,000 

240,000 

MISSION  RULES; 

20,000  LB  RESERVES 
5%  FUEL  FLOW  CONSERVATISM 


RGHTER 

_ F-16A _ 

(2)  AIM-9 

(2)  370  U.S.  GAL.  FUEL  TANKS 


30,200 

13,400 

11,800 


2,400 

0% 


ENROUTE  WINDS  90%  WORST  ANNUAL 


CRUISE/REFUELING  FLIGHT  CONDITIONS 
ALTITUDE  (FT) 

AIRSPEED 

FUEL  TRANSFER  RATE  (LB/MIN) 
FORMATION  TIME  (MIN/FIGHTER) 


28,000 

MACH  0.82  (487  KTAS) 
3,000 
2 


Figure  8.  Fighter  Deployment  Mission  Ground  Rules  and  Assumptions  Example 


RNLAF  F-16  DEPLOYMENT  TWENTHE  AB  TO  GOOSE  BAY,  CANADA 


Figure  9.  Fighter  Deployment  Mission  Example 
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Work  Breakdown 

Technology  Status 

Structure  (WBS) 

Element 

Programs 

Research  Exploratory  Adveinced 

Development  Development 

Engineering  & 
Manufacturing 
Development  • 

Priority 

1000  Advanced  Boom  Systems 
1100  Boom 

1 1 1 0  High  Transfer  Rates 


1120  Flv-by-Wire  Control 


1212 


1220  Remote  Vlaw 

(Remote  Air  Refueling 

_ Operator  (RARO)  Station) 

1300  Refueling  Envelope 
Expansion 


1400  Automatic  Hooku 


2000  Adv.  Hose/Drogue  Systems 
2100  Installation/Location 
2110  Fuselage-Mounted 
2111  Interior 


2112  Exterior  Pods 


2120  Vvmg-Mounted  Pods 


2200  Control  Displays 


2300  High  Transfer  Rates 


2400 


2600  Automatic  Hookup 
(Homing  Basket) 


KDC-10 

KC-10 


RAFL-1011 


RAFL-1011 


RAFL-1011 


*  Note;  Entries  in  this  column  may  also  be  operational. 

Figure  10.  Tanker  Technology  Requirements  Example  (1  of  2) 


Work  Breakdown 
Structure  (WBS) 
Element 


Technology  Status 

FxDkyatoiv  Advanced  Enfl'ieering  &  priority 
Research  txpforatory  Advanced  ManufacturinQ 

Development  Development  Development  • 


4200 


4300  Wing  Pods 


With  CG  Control 


5000  Air  Rsfuelabis  Tanker 
5100  Receptacle  Systsm 


.  Kt'i'liiF.Tl-Trirnil 


KC-10 


KC-130 


Kc-130  r 


KC-10 


RAFL-1011 


FLA 


C-17 


C-17 


USMC  KC-130 


7200  Akcrall  Hardening 


-etc. - 


'  Note;  Entries  in  this  column  may  also  be  operational. 

Figure  1 1 .  Tanker  Technology  Requirements  Example  (2  of  2) 


VARUBLE  GEOMETRY  DROGUE 
Fixed  end  RoUry  Wins  Aerial  Refueling 
The  US  Marine  Corps  uses  KC*130  tankers  in  a  dual  role 
refueling  both  fixed  wing  and  rotary  wing  aircraft.  Because 


the  receiver  airplane  prob-  to  latch  into  the  reception 
coupling  is  degraded  without  some  amount  of  static  load. 
Also,  drogue  drag  needs  to  be  higher  than  take-up  tension 
to  overcome  breakout  plus  friction  in  the  reel.  Otherwise, 
in  range  disconnects  can  occur,  which  result  in  the  drogue 
remaining  in  a  position  not  fully  extended.  The  upper 
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BACKGROUND 

The  basis  of  this  paper  is  analyses  performed 
by  Frontier  Technology,  Inc.  for  the  USAF. 
Frontier  has  perform^  evaluations  of  multiple 
tanker  candidates  to  supplement  and  to  even¬ 
tually  replace  the  KC-135  tanker  fleet.  The 
analyses  included  tanker  refueling  support  for 
six  mission  areas;  (1)  theater  employment  of 
combat  fighter  aircraft,  (2)  intercontinental 
fighter  deployments,  (3)  extended  offshore 
range  of  naval  carrier  operations,  (4)  inter¬ 
continental  airlift,  (5)  North  American  air  de¬ 
fense,  and  (6)  long  range  nuclear  warfare. 

The  characteristic  airborne  refueling  needs  of 
the  six  missions  are  somewhat  different.  The 
first  mission  listed,  theater  employment  of 
combat  fighter  aircraft,  is  characteristically 
different  from  the  other  areas  in  that  it  stresses 
the  need  to  refuel  more  aircraft  over  shorter 
periods  of  time  than  the  other  five  mission 
demands  except  for  some  situations  in  air  de¬ 
fense  support.  In  theater  employment  opera¬ 
tions  the  demands  of  the  larger  tanker  aircraft 
are  stressed  the  most  when  waves  of  aircraft 
attack  during  short  periods  of  time  in  the  at¬ 
tempt  to  overwhelm  enemy  defenses.  This 
tanker  demand  is  in  contrast  to  that  of  the  nu¬ 
clear  warfare  mission  which  requires  large 
amounts  of  fuel  for  a  single  receiver  (bomber) 
aircraft  on  a  lengthy  mission  where  the  precise 
refueling  time  is  not  critical. 

SELECTED  PAST  WORK 

"  Air  Refueling  Systems  Development  Plan" 
(ARSDP) 

Frontier  performed  this  extensive  analysis  ef¬ 
fort  for  the  USAF  to  examine  future  tanker  re¬ 
quirements,  options  to  supplement  the  KC- 


135,  identify  the  best  aircraft  alternative(s)  to 
replace  the  KC-135,  and  examine  several 
technology  options  for  future  tankers.  This 
analysis  was  done  across  the  six  mission  areas 
listed  above.  The  analysis  focus  was  towards 
cost  effectiveness.  Costs  were  broken  into  ac¬ 
quisition,  operations,  and  support  costs.  Five 
new  candidate  tanker  aircraft  were  evaluated 
in  this  effon.  They  consisted  of  derivatives  of 
commercial  aircraft.  The  commercial  aircraft 
considered  were;  Boeing's  757-200,  767-200, 
747-400,  a  highly  modified  767-200  called  the 
767-200LR,  and  Douglas’  MD-11.  Sensitivity 
analysis  was  performed  to  examine  the  cost 
benefits  of  adding  hose-drogue  pods  to  the 
candidate  tankers.  This  addition  became 
known  as  the  "Multipoint"  refueling  system. 

"Air  Refueling  Multipoint  Analysis" 

This  work  involved  performing  a  cost  effec¬ 
tiveness  evaluation  of  various  air  refueling 
pod  configurations,  which  have  different 
pumping  rate  capabilities.  The  analysis  in¬ 
cluded  modeling  wartime  scenarios  account¬ 
ing  for  realistic  aircraft  timin'',  receiver  air¬ 
craft  fuel  system  back  pressure,  aircraft  fuel 
bum  rates  for  all  phases  of  flight,  tanker  mod¬ 
ification  costs,  refueling  pod  acquisition  costs, 
and  operations  and  support  costs.  The  span  of 
refueling  pod  pumping  capabilities  evaluated 
ranged  from  1,500  to  3,0()0  liters  per  rr  Hue 
(400  to  800  gallons  per  minute). 

"Tanker  Alternatives  for  Royal  Saudi 
Arabian  Air  Force" 

Frontier  performed  this  work  to  evaluate  the 
most  cost  effective  tanker  for  the  Royal  Saudi 
Arabian  Air  Force  (RSAF).  Considered  were 
existing  tanker  aircraft,  receiver  aircraft  inven¬ 
tory  and  planned  receiver  aircraft  buys,  local 
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geography,  unique  RSAF  cost  issues,  and 
other  RSAF  unique  concerns. 

Hose-Drogue  versus  Boom  Receptacle  Air 
Refueling 

Among  other  issues  presented  by  Mr.  Lavon 
Jordan  of  Frontier  Technology,  Inc.  this  morn¬ 
ing  was  the  hose-drogue  and  boom  receptacle 
compatibility  issues  of  receiver  aircraft  and 
tankers.  Mr.  Jordan  presented  the  advantages 
of  a  single  tanker  being  able  to  refuel  both 
types  of  receiver  aircraft  on  a  single  refueling 
mission.  Figure  1,  "Multipoint  KC-135R  is 
Compatible  with  Allied  &  USN  Receivers" 
shows  that  the  multipoint  tanker  has  no  inter¬ 
operability  limitations  for  refueling  probe 
equipped  receivers  of  NATO,  USN,  Freeworld 
International  aircraft  and  receptacle  equipped 
US  Air  Force  aircraft. 


The  purpose  of  this  presentation  is  to  contrast 
the  operational  performance  of  tanker  aircraft 
having  two  wing  mounted  hose-drogue  pod 
systems  in  addition  to  a  refueling  boom  versus 
tanker  aircraft  which  are  equipped  with  only  a 
single  boom  system.  Figure  2. 


•  PREVIOUS  PRESENTATION  ESTABLBHEO: 

MULTIPOINT  PROVIDES  IMPORTANT  INTEROPERABILITY 

•  QUANTIFICATION  OF  MULTIPOINT  BENEFITS  WU  NOW  BE 
PRESENTED 

•  EFFICIENCY  FOR  REFUEUNGINOIVDUAL  STRIKE 
PACKAGES 

•  EFFICIENCY  IN  OVERALL  THEATER  OPERATIONS 


FIGURE  2.  PURPOSE 


The  boom  can  be  fitted  with  a  short  hose 
drogue  while  the  aircraft  is  on  the  ground.  In 
this  case  the  aircraft  cannot  refuel  receiver  air¬ 
craft  which  are  equipped  with  a  receptacle  (for 
the  boom).  Figure  3. 


•  MULTIPOINT:  TANKERS  WITH  2  WING  MOUNTED  HOSE- 
DROGUE  POD  SYSTEMS  ^  BOOM 

•  SINGLEPOINT:  TANKER  WITH  A  SINGLE  BOOM  WHICH 
CANBERECONRGURED  ON  THE  GROUND  WITH  A  SHORT 
HOSE  AND  DROGUE,  CALLED  A  "BOOM  DROGUE 
ADAPTER"  (BDA)  KIT  PLUS  A  RECEPTACLE  FOR  TANKER 
TO  TANKER  REFUELING 


RGURE3.DERNITI0NS  USED 


These  two  configurations  are  applicable  to  the 
US  Air  Force's  KC- 1 35  tanker  fleet.  KC- 1 35 
aircraft  are  currently  equipped  with  a  single 
refueling  boom  which  can  be  fitted  with  a 
short  hose-drogue  kit.  The  US  Air  Force  is 
considering  retrofitting  a  fraction  of  the  air¬ 
craft  with  wing  mounted  refueling  pods.  This 
paper  will  contrast  multipoint  vs  single  point 
at  two  levels.  Figure  4. 


•  INTEROPERABILITY  -  PREVIOUS  PAPER  BY  L.  JORDAN 

•  SHORTER  REFUELING  CYCLES 

•  CAN  BE  CRITICAL  FOR  RETURNING  AIRCRAFT 

•  MORE  EFFICIENTLY  SUPPORTS  AHACK  WAVES 

•  INCREASES  RANGE  OF  INDIVIDUAL  STRIKE 
PACKAGES 

•  MORE  RECEIVER  SORTIES  SERVICED  BY  EACH  TANKER 
(IN  HIGH  TEMPO  OPERATIONS) 


•  CAN  REDUCE  AIRSPACE  REQUIREMENTS 

_ 1 ,  _ _ J 


RGURE  4.  BENERTS  OF  MULTIPOINT 


The  first  is  for  a  single  strike  package  of  air¬ 
craft.  The  second  is  an  overall  theater  com¬ 
parison.  Shorter  or  quicker  refueling  cycles 
are  a  main  advantage  of  multipoint.  The  re¬ 
duced  time  to  refuel  multiple  aircraft  is  de¬ 
rived  from  refueling  two  aircraft  at  a  time. 

The  increased  speed  at  which  refueling  can  be 
done  is  especially  important  to  receiver  air¬ 
craft  returning  from  action  low  on  fuel.  These 
aircraft  in  flights  of  multiple  aircraft  com¬ 
monly  need  fuel  in  a  short  period  of  time  to 
prevent  diverting  to  an  unplanned  air  base.  A 
diversion  would  lengthen  the  time  until  the 
next  sortie  could  be  flown  by  that  particular 
aircraft. 
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Comparisons  Based  on  Refueling  a  Single 
Strike  Package 

Figure  5  contrasts  time  to  refuel  strike  pack¬ 
ages  of  the  three  sizes  in'^icated.  The  basis  of 
the  calculations  include;  a  queuing  time  of  two 
minutes  between  aircraft  contacts,  a  pumping 
rate  of  450  gallons  per  minutes  (1700  liters  per 
minute)  for  single  point  and  4(X)  gallons  per 
minute  (15(X)  liters  per  minute)  for  each  of  the 
multipoint  refueling  pods,  and  a  fuel  transfer 
of  8,350  lb.  (3,788  kilograms).  The  figure 
shows  that  the  multipoint  tanker  can  refuel  the 
strike  packages  in  about  one  half  the  time  of 
the  single  point  tanker. 


SINGLE  POINT  MULTIPOINT 

•  MULTIPOINT  REDUCES  REFUELING  TIME  BY  ABOUT  1/2 


FIGURES.  MULTIPOINT  IMPROVES  STRIKE 
PACKAGE  REFUELING  TIME 


There  has  been  considerable  discussion  in  the 
US  over  whether  the  multipoint  queuing  pro¬ 
cess  is  faster  or  slower  than  the  single  point 
boom  operation.  Factors  such  as  pilot  profi¬ 
ciency  for  the  technique  used  and  receiver 
rendezvous  techniques  are  a  part  of  this  ques¬ 
tion.  Figure  6  shows  that  multipoint  is  less 
sensitive  to  queuing  time  variances  than  single 
point.  This  figure  shows  results  similar  to  the 
previous  figure  using  queuing  times  of  1.5 
minutes  and  3  minutes.  A  significant  point  to 
be  made  is  that  receivers  are  refueled  faster 
using  multipoint  than  single  point,  even  when 
a  multipoint  queuing  time  is  double  that  of 
single  point  (3  minutes  vs  1.5  minutes  for  sin¬ 
gle  point).  TTiis  is  because  the  fuel  pumping 
rate  for  multipoint  is  nearly  double  that  of  the 
single  point  rate. 


QUEUING  TIME  BETWEEN  RECEIVER  AIRCRAFT 
1.5  MN  3.0  MIN 


SIZE  OF  [ 
STRIKE 
PACKAGE  I 

g  4ACFT  I 
Q  8ACFT  i 
g  12ACFt| 


•  MULTIPOINT  MORE  EFFICIENT  THAN  SINGLE  POINT  IF  QUEUE  TIME 
IS  2  TIMES  THAT  OF  SINGLE  POINT  REFUEUNG 


FIGURE  6.  MULTIPOINT  IMPROVES  STRIKE 
PACKAGE  REFUEUNG  TIME 


Fighter  strike  package  range  is  affected  by  the 
period  of  time  used  waiting  for  the  entire 
strike  package  to  be  refueled.  The  first  air¬ 
craft  to  be  refueled  has  the  least  quantity  of 
fuel  at  the  end  of  the  refueling  process.  The 
entire  package  is  limited  in  range  by  the  air¬ 
craft  with  the  least  fuel.  The  more  aircraft  in 
the  strike  package,  the  longer  the  wait  and  the 
greater  quantity  of  fuel  burned  by  the  first  air¬ 
craft  prior  to  departing  the  refn^'ing  area. 
Figure  7  shows  the  relationship  of  mission 
radius,  which  is  on  the  left,  to  single  and  mul¬ 
tipoint  refueling  based  on  the  number  of  air¬ 
craft  in  the  strike  package.  This  figure  also 
shows  that  multipoint  provides  a  significant 
decrease  in  range  penalty  over  that  of  single 
point  refueling  times. 


FIGURE  7.  FIGHTER  RANGE  REDUCTION 
DUE  TO  REFUELING  TIME 


Commonly  when  strike  packages  are  refueled, 
the  first  aircraft  to  be  refueled  is  refueled 
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again,  that  is  after  the  last  aircraft  in  the  pack¬ 
age  queue.  This  does  provide  some  increase 
in  range  for  the  entire  package.  In  fact  all  the 
aircraft  could  be  refueled  again.  This  could  be 
repeated  again.  However  additional  refueling 
continues  to  delay  the  implementation  of  the 
offensive  portion  of  the  mission.  Figure  8 
shows  the  benefit  of  refueling  the  first  aircraft 
a  second  time.  The  benefit  is  greatest  for  the 
12  aircraft  strike  package  size.  The  major 
point  to  be  made  is  that  the  benefit  of  a  second 
refueling  of  the  first  aircraft  is  insignificant 
compared  to  the  range  benefit  of  using  multi¬ 
point. 


NUMBER  OF  AIRCRAFT  IN  STRIKE  PACKAGE 

RANGE  IMPROVEMENT  FOR  SECOND  REFUELING  OF 
LEAD  AIRCRAFT  IS  INSIGNIFICANT  COMPARED  TO 
MULTIPOINT  ADVANTAGE 


FIGURES.  FIGHTER  RANGE  REDUCTION 
DUE  TO  REFUELING  TIME 


Overall  Theater  Comparisons 


This  portion  of  the  presentation  discusses  the 
overdl  differences  in  capabilities  of  multi¬ 
point  and  single  point  refueling  operations  in  a 
theater  scenario,  Figure  9. 


•  INTEROPERABIUTY.  PREVIOUS  PAPER  BY  L  JORDAN 

•  SHORTER  REFUEUNG  CYCLES 


•  CAN  BE  CRITICAL  FOR  RETURNING  AIRCRAFT 

•  MORE  EFROENTLY  SUPPORTS  AHACK  WAVES 

•  INCREASES  RANGE  OF  INOIVIOUAL  STRIKE 
PACKAGES 

MORE  RECOVER  SORTIES  SERVICED  BY  EACH  TANKER 
flN  HIGH  TEMPO  OPERATIONS) 

CAN  REDUCE  AIRSPACE  REQUIRaiENTS 


FIGURE  9.  BENEFITS  OF  MULTIPOINT 


We  generate  the  fuel  demand  based  on  a  rep¬ 
resentative  theater  combat  situation.  Figure 
10.  This  is  based  on  scenario  development 
and  receiver  aircraft  characteristics.  Tanker 
performance  characteristics  used  in  the  model¬ 


ing  include  takeoff  fuel,  tanker  bum  rates,  of¬ 
fload  pumping  rates,  refueling  equipment  reli¬ 
ability,  and  aircraft  ground  servicing  times. 
The  TacRefueler  model  is  used  to  detemiine 
number  of  tankers  needed  by  tanker  configu¬ 
ration,  fuel  required  by  time,  tanker  sorties  re¬ 
quired  by  time,  and  sorties  per  day  flown  by 
each  tanker. 


The  scenario  development.  Figure  11,  includes 
items  such  as  force  level  composition,  types 
of  sonies  and  the  proportion  of  each  type  of 
sortie  assigned  to  each  aircraft  type.  Types  of 
sonies  include  Interdiction,  Close  Air  Suppon, 
Offensive  Counter  Air,  and  Defensive  Counter 
Air.  Sorties  are  also  allocated  for  day  time 
and  night  time  because  of  timing  consideration 
differences. 


DETERHME  FORCE  LEVELCOWPOSmON 

•  N»  OF  AIRCRAFT  BY  TYPE 

A  BASMO  BY  AIRCRAFT  TYPE 

DETEFBIftf  OF  SORTIES  FOR  EACH  kC  TYPE  TO  BE  FLOWN  BY  : 

>  WSSram  TYPE  (OCA.  OCA.  CAP.  NT.  CAS.  SEAD,  SUPPORT) 

•  BCRVICE  OR  COUNTRY  (USAF,  USK  USMC,  ALUES) 

DEFWE  REPRESBfTATIVE  MISSIONS  FOR  EACH  A  C  TYPE: 

•  RANOE  FROM  BASE  TO  MR  REFUELNQ  AREA  TO  TARGET  AREA 

•  FUOHT  PROniE 

DETERMME  FUEL  REOUIRSillENTS  FOR  EACH  REPRESENTATIVE  MISSION 

•  CHECK  FOR  RANOE  FEASiBIUTY 

'  CHKK  FOR  POST  STRIKE  REFUELING  NEED 

ALLOCATE  SORTIES  BY  AC  TYPE  TO  REPRESENTATIVE  MISSIONS 

SCHEDUU  SORTIES  BY: 

>  %aOWNWDAYVSNIOHT 

•  %  aOWN IN  WAVES  VS  CONTINUOUS  OPERATION  BY  INDIVIDUAL  STRIKE 

PACKAGES 


RGURE11.  SCENARIO  DEVELOPMENT 
METHODOLOGY 


Individual  sortie  timing  is  generated  as  shown 
in  Figure  12.  The  tall  spikes  show  the  narrow 
liming  window  in  which  refueling  is  con- 
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ducted  in  support  of  attack  waves.  The 
smaller  spikes  represent  r».fuelings  for  the  re¬ 
turning  aircraft.  The  lowest  levels  of  refueling 
at  both  ends  of  the  chart  show  a  lower  concen¬ 
tration  of  activity  at  night  for  this  particular 
scenario. 


The  receiver’s  fuel  burn  performance  is  used 
for  the  different  phases  of  flight.  These  in¬ 
clude  start  engines,  takeoff,  and  climb;  high 
altitude  cruise;  low  altitude  ingress;  target  at¬ 
tack;  low  altitude  egress;  high  altitude  return 


to  base;  and  reserve  fuel  required.  The  fuel 
demand  by  time  and  location  is  inputted  into 
tlie  TacRefueler  model  along  with  the  tanker 
characteristics  to  ueiermine  number  of  tankers 
needed  to  meet  the  fixed  job.  Other  outputs 
include  fuel  required  by  time,  tanker  sorties 
flown  by  time,  tankers  in  the  air  at  any  given 
time,  sorties  flown  by  tanker,  and  others. 

Figure  14  shows  an  overview  of  the 
TacRefueler  Model  Version  2.0.  This  version 
adds  the  capability  to  randomize  variations  in 
receiver  queuing  times,  aircraft  equipment 
failures,  and  aborts.  It  also  models  the  re¬ 
sponse  to  these  unplanned  events  based  on 
actual  theater  situations,  such  as  time  to 
launch  a  replacement  tanker  and  its  time  to 
reach  the  refueling  location.  Version  2.0  has 
provisions  to  evaluate  various  tanker  and  re¬ 
ceiver  utilization  concepts  such  as  refueling 
using  only  tracks,  only  anchors  and  orbits,  or  a 
mix  of  the  two. 


Figure  15  shows  the  percentage  improvement 
in  tanker  efficiency  in  terms  of  additional 
strike  sorties  supported  relative  to  the  single 
point  baseline.  The  improvements  shown  are 
for  the  representative  scenario  and  for  attack 
waves  using  both  one  half  hour  timing  and  one 
hour  timing.  This  chart  shows  that  multipoint 
is  more  efficient  that  single  point  for  both  at¬ 
tack  timings. 


MO  ATTACK 


FIGURE  12.  RECEIVER  REFUELING  ACTIVITY 
VARIES  GREATLY  WITH  TIME 


Figure  13  is  a  typical  regional  map  ‘thowing 
representative  locations  of  major  elements  of  a 
scenario  such  as  air  basf  s,  refueling  locations, 
and  target  areas.  Mission  distances  from  take¬ 
off  base  are  estimated  by  using  target  area  lo¬ 
cation  and  aircraft  basing  from  a  map  gener¬ 
ated  for  analytical  purposes  only.  A  routing 
factor  is  added  to  the  straight  line  mission 
distances  for  threat  avoid^ce. 
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MULTIPOINT  CONSISTENTLY  PROVIDES  SIGNIFICANT 
INCREASE  IN  REFUELING  EFFICIENCY 


FIGURE  15.  SORTIES  REFUELED 
IMPROVEMENT  USING  MULTIPOINT 


For  the  KC-135  equipped  with  th<»  BDA 
(single  point)  the  numbers  of  receivers  that 
can  be  refueled  typically  decreases  when  the 
receiver  fleet  is  composed  of  a  mix  of  recep¬ 
tacle  and  probe  equipped  aircraft.  This  is  be¬ 
cause  dedicated  tankers  are  needed  for  each 
type  receiver.  This  reduction  in  performance 
is  not  expected  for  single  point  tankers  which 
do  not  need  to  land  to  service  the  two  types  of 
receivers.  An  example  is  the  KC-ICA  which 
has  a  single  refueling  hose-drogue  and  a  single 
boom  which  are  both  mounted  near  the  cen¬ 
terline  of  the  aircraft.  This  tanker  can  use  only 
the  boom  or  the  hose-drogue  at  one  time,  not 
both  simultaneously. 


Figure  16  contrasts  the  efficiency  of  multi¬ 
point  and  singlepoint  for  a  fixed  number  of 
tanker  aircraft.  This  is  a  notional  chart  which 
was  generated  to  show  the  relationships  we 
have  seen  based  on  our  theater  analyses.  The 
left  axis  represents  the  number  of  receiver  air¬ 
craft  refucied.  The  horizontal  axis  shows  the 
percent  of  leceivers  equipped  with  probes  rel¬ 
ative  to  total  receivers.  The  work  Frontier  has 
done,  shows  that  as  the  percent  of  probe 
equipped  receivers  increases,  there  is  an  in¬ 
crease  in  number  of  receivers  that  can  be  re¬ 
fueled  by  the  fixed  tanker  fleet  size.  This  in¬ 
crease  is  dependent  on  the  distances  the  air¬ 
craft  iiave  to  fly  and  therefore  the  individual 
receivers  fuel  demand  and  the  fuel  the  tanker 
bums.  Frontier's  experience  indicates  that  this 
increase  in  efficiency  typically  ranges  from  25 
to  50%  greater  for  the  multipoint  compared  to 
single  point,  depending  on  scenario  condi¬ 
tions. 
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:  KC-135  AIRCRAFT  CANNOT  REFUEL  BOTH  TYPES 
OF  RECEIVERS,  VALUE  IS  SCENARIO  DEPENDENT 

.  MULTIPOINT  TYPICALLY  25.50  %  GREATER,  DEPENDINQ 


FIGURE  16.  MULTIPOINT  REFUEUNG  MORE 
EFFICIENT  FOR  THEATER  OPERATIONS 


In  summary.  Figure  17  shows  the  benefits  that 
multipoint  provides.  These  include  interoper¬ 
ability  benefits,  shorter  refueling  cycle  times, 
and  more  receiver  sorties  serviced  by  each 
tanker  in  high  tempo  theater  operations. 
Airspace  requirements  were  not  explicitly  dis¬ 
cussed  in  this  presentation,  but  by  virtue  of 
multipoint's  efficiency,  airspace  can  be  saved 
using  multipoint  because  refueling  is  per¬ 
formed  in  a  more  timely  manner  and  larger 
numbers  of  receivers  can  be  refueled  by  the 
typical  tanker  using  the  multipoint  concept. 


•  INTEROPERABILITY -PREVIOUS  PAPER  BY  L.  JORDAN  | 

•  SHORTER  REFUELING  CYCLES  | 

•  CAN  BE  CRITCAL  FOR  RETURNING  AIRCRAFT  | 

•  MORE  EFFICIENTLY  SUPPORTS  ATTACK  WAVES 

•  INCREASES  RANGE  OF  INDIVIDUAL  STRIKE  i 

PACKAGES 

•  MORE  RECEIVER  SORTIES  SERVICED  BY  EACH  TANKER  i 

(IN  HIGH  TEMPO  OPERATIONS)  I 

•  CAN  REDUCE  AIRSPACE  REQUIREMENTS 

FIGURE  17.  BENEFITS  OF  MULTIPOINT 
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Directorate  of  Materiel,  Royal  Netherlands  Air  Force 
P.O.  Box  20703 
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Den  Haag 
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Summary 


List  of  abbreviatioas 


Replacement  of  the  RNLAF  F-27  transport  fleet, 
first  mooted  in  1984,  became  a  serious  option  a 
few  years  later  because  of  a  growing  need  for 
AAR  capacity.  Years  of  discussion  and  market 
research  resulted  in  a  requirement  for  (among 
others)  two  DC- 10  aircraft  to  be  modified  into 
tanker/transport  aircraft.  The  budget  was  not 
sufficient  to  develop  new  KMD-11  tanker 
aircraft,  nor  did  it  allow  buying  existing  tanker 
aircraft.  On  the  basis  of  earlier  programmes  from 
other  countries,  involving  different  aircraft, 
RNLAF  decided  that  it  should  be  possible  to 
modify  two  DC-10  aircraft  into  so-called  KDC-10 
aircraft.  With  assistance  from  McDonnell 
Douglas  Aircraft  (MDA),  four  aircraft  were 
selected  on  the  basis  of  a  number  of  criteria. 
These  aircraft  were  studied  thoroughly.  On  the 
basis  of  condition  and  price  two  Martinair  DC- 
10-30  CF  aircraft  were  purchased  on  30  June 
1992.  These  will  be  modified  into  KDC-10 
tanker/transport  aircraft. 

The  RNLAF  contracted  MDA  to  study  feasibility, 
timetable  and  cost  of  modifying  two  (Martinair) 
DC- 10-30  CF  aircraft  into  tanker/transport 
aircraft.  The  study  concluded  that  the  programme 
was  feasible  within  the  proposed  time  frame, 
given  that  USAF  would  cooperate.  Also  the  total 
cost  estimate  could  be  kept  within  budget.  It  was 
not  possible  to  keep  the  KC-10  Aerial  Refuelling 
Operator  (ARO)  station,  so  a  new  Remote  Aerial 
Refuelling  Operator  (RARO)  station  will  have  to 
be  developed.  The  design,  however,  is  not 
completely  new  as  it  has  been  implemented  on 
other  aircraft. 

The  RNLAF  expects  the  first  KDC-10  aircraft  to 
be  in  service  by  January  1995,  the  second  to 
follow  approximately  three  months  later.  Based 
on  this,  the  modification  of  the  first  aircraft  is 
scheduled  to  start  on  1  July  1994  and  of  the 
second  in  December  1994.  Development  of  the 
modification  programme  has  already  begun. 
USAF  has  been  requested  to  assist  RNLAF  in 
programme  management,  contracting  and 
purchasing  of  certain  parts. 


ACMl 

ARO 

AWACS 

DAC 

FAA 

FMS 

FLA 

GPS 

IFF 

KLM 


KSSU 

LOA 

MDA 

NATO 

NLR 


OR 

RARO 

RNLAF 

TACAN 

UHF 

UN 

USAF 

VTOL 

WEU 


Air  Combat  Manoeuvring  and 
Instrumentation  (Range) 

Aerial  Refuelling  Operator  (Station) 
Airborne  Warning  and 
Communication  System 
Douglas  Aircraft  Company 
Federal  Airworthiness  Agency 
Foreign  Military  Sales 
Future  Large  Aircraft 
Global  Positioning  System 
Identification  Friend  or  Foe 
Koninklijke  Luchtvaart 
Maatschappij  (Royal  Dutch  Air¬ 
lines) 

(Consortium  of)  KLM,  Swissair, 
SAS  and  UTA 
Letter  of  Agreement 
McDonnell  Douglas  Aircraft 
North  Atlantic  Treaty  Organisation 
Na'’onaal  Lucht-  en  Ruimtevaart- 
laboratorium  (Netherlands  Aero¬ 
space  Laboratory) 

Operations  Research 

Remote  Aerial  Refuelling  Operator 

(Station) 

Royal  Netherlands  Air  Force 
Tactical  Air  Navigation 
Ultra  High  Frequency 
United  Nations 
United  States  Air  Force 
Vertical  Take-off  and  Landing 
Western  European  Union 


Historical  Overview 


1 .  The  RNLAF  transport  aircraft  fleet  consists  of 
12  F-27  Friendship  aircraft,  i.e.  3  passenger 
aircraft  and  9  troopships,  suitable  for  para  drops 
and/or  air  transport.  The  aircraft  have  been 
purchased  in  1960  as  the  successor  of  the  famous 
DC-3  Dakota.  Serious  discussion  on  replacement 
of  the  F-27  started  in  1984  with  the 
announcement  thereof  in  the  Defense  white 
paper.  A  working  group  was  founded  to  establish 
the  requirements  for  the  new  tran.sport  aircraft. 
Among  the  first  candidates  taken  into 
consideration  were  Hercules  C-130,  Transall 
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C-160,  Fokker  F-50,  Fokker  F-lOO,  Sherpa, 
Alenia  G222  and  Casa  CN235.  These  aircraft, 
with  a  wide  range  in  payload  capacity,  could 
fulfil  the  transport  requirements  for  fixed  wing 
aircraft.  In  addition  transport  helicopters  and 
other  VTOL  aircraft  like  the  V22  ’Osprey’  were 
considered  to  fulfil  the  short-range  VTOL 
requirements.  However,  at  that  time  there  was  no 
defined  requirement  for  air  refuelling  yet.  In  the 
discussions  establishing  the  transport 
requirements,  the  air  refuelling  requirement  grew 
gradually,  although  nobody  could  really  believe 
the  reality  of  fulfilling  this  requirement. 

2.  The  ongoing  demand  for  a  reduction  of 
aircraft  noise  around  air  bases  dictated  fewer  but 
longer  F-16  sorties.  As  a  side  effect,  this  could 
result  in  a  possibly  more  cost-effective  use  of  the 
new  Air  Combat  Manoeuvring  and 
Instrumentation  Range  (ACM!)  to  be  established 
over  the  North  Sea.  Exporting  low-flying 
activities  to  less  densely  populated  areas  led  to  an 
increase  in  long-distance  ferry  flights.  In  addition 
the  United  Nations  were  making  more  demands 
on  the  forces  to  stage  peacekeeping  operations. 
Together  these  factors  emphasize  the  need  for 
more  transportation  and  air  refuelling  capability, 
for  which  an  OR  study  was  considered  necessary. 
The  OR  study,  carried  out  in  cooperation  with 
the  National  Aerospace  Laboratory  (NLR), 
analyzed  the  requirements  mentioned  above.  As  a 
result  of  the  OR  study,  four  aircraft  categories 
were  defined; 

a.  Category  A.  Heavy  transport  aircraft  with 
air  refuelling  capability  and  a  range  of 
about  4500  km; 

b.  Category  B.  Medium-size  transport 
aircraft  suitable  for  operations  from 
improvised  airfields  and  with  a  range  of 
about  1200  km; 

c.  Category  C.  Transport  helicopters  with  a 
range  of  about  300  km,  and 

d.  Category  D.  Aircraft  suitable  for 
transport  of  light  cargo  and/or  a  small 
number  of  passengers,  preferably  with  a 
transatlantic  capacity. 

This  presentation  will  concentrate  on  the  category 
A  heavy  transport  aircraft  with  air-refuelling 
capacity. 


3.  In  a  NATO  briefing  in  September  1987  on  the 
mission  need  for  air  refuelling  capability,  the 
"used  aircraft”  option  was  mentioned  as  one  of 
the  possibilities  for  NATO  members  to  fulfil  the 
air  refuelling  requirement.  And  although  the 
tanker  capacity  required  at  the  time  could  still  be 
contracted  with  the  USAF,  the  expected  reduction 
of  US  Forces  in  Europe  increased  the  demand  for 
an  ’own’  tanker  capability.  However,  buying 
used  aircraft  was  a  completely  new  idea  for  the 
Royal  Netherlands  Air  Force,  as  it  probably  is 
for  most  air  forces.  Also  the  size  of  the  tanker 
aircraft  is  also  much  greater  than  we  were  used 
to  in  our  air  force. 

4.  The  Mission  Need  Document  of  the  RNLAF 
on  transport  aircraft  was  accepted  by  the  Ministry 
of  Defense  in  October  1989  with  the 
authorization  to  perform  a  pre-feasibility  study 
based  on  the  transport  and  air  refuelling  need  of 
the  Netherlands  Armed  Forces.  Primarily  this 
need  was  based  on  the  deployment  of  the  ACE 
Mobile  Force  F-16  Squadron,  which  resulted  in 
requirements  for  range  and  air  refuelling. 
Additional  requirements  were  included  for 
training  operations,  i.e.  low  flying  in  Goose  Bay 
(Canada),  air-to-air  operations  in  the  ACMl  range 
above  the  North  Sea  and,  last  but  not  least,  for 
transport  of  personnel  and  equipment  for  (out-of- 
area)  operations  under  NATO,  WEU  or  UN 
auspices.  In  all,  the  yet-to-be-purchased  aircraft 
are  already  destined  for  many  missions. 

Pre-Feasibility  Study 

5.  The  initial  study  on  the  availability  of  proper 
aircraft  for  tanker  operations  resulted  in  the 
following  short  list: 

a.  Boeing  KC-135.  The  KC-135  is  in  use 
with  the  USAF  and  other  Air  Forces  but 
is  not  in  production  any  more.  There 
were  no  acceptable  KC-135  aircraft 
available  on  the  market. 

b.  The  KC-lOA  is  also  in  use  with  the 
USAF  but  is  also  out  of  production  and 
not  available  on  the  used  aircraft  market. 
To  obtain  these  aircraft  the  production 
line  would  have  to  be  reopened. 

c.  Boeing  707,  a  rather  old  aircraft  that  did 

comply  with  modem  noise  and 
environmental  requirements.  It  was  to  be 
expected  that  modification  of  this  aircraft 
into  an  acceptable  tanker  might  become 
very  costly. 
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d.  Future  Large  Aircraft  (FLA),  a  NATO 
project  for  replacement  of  C-130 
Hercules,  C-160  Transall  and  P3  Orion. 
The  availability  and  cost  of  the  FLA  is 
yet  unknown. 

e.  Airbus  A300B4  and  A310,  which  could 
be  modified  for  tanker  operations. 
However,  the  modification  would  have  to 
be  developed  from  scratch.  This  was 
expected  to  be  a  time-consuming  and 
costly  affair. 

f.  Boeing  KE-3,  a  tanker  derivative  of  the 
NATO  E-3  AWACS,  developed  and 
produced  for  the  Saudi  Air  Force.  To 
obtain  these  aircraft  the  production  line 
would  have  to  be  reopened. 

g.  KMD-11,  the  tanker  derivative  of  the 
MD-11,  was  considered  to  be  too 
expensive  for  the  RNLAF. 

h.  DC-10-30,  either  as  a  combi-freighter 
aircraft  (CF)  or  a  passenger  aircraft,  the 
latter  to  be  modified  into  a  CF.  The  DC- 
10-30CF  aircraft  could  be  modified  into  a 
tanker  by  using  part  of  the  existing  design 
for  the  KC-IO. 

A  combination  of  Fokker  F-IOO  and  C-130 
Hercules  aircraft  was  also  considered  but,  owing 
to  F-16  air  refuelling  system  and  speed 
requirements,  the  tanker  requirement  could  not  be 
fulfilled  with  the  proposed  combination.  In 
addition  the  range  requirement  could  not  be  met 
with  the  Fokker  F-100. 

The  pre-feasibility  study  indicated  that  used  DC- 
10-30  aircraft,  providing  they  were  in  excellent 
technical  condition,  would  be  the  most  cost- 
effective  option  for  the  RNLAF. 

Feasibility  Study 

6.  The  RNLAF  contracted  McDonnell  Douglas 
Aircraft  (MDA)  to  perform  a  feasibility  study  on 
the  modification  of  two  DC-10-30CF  aircraft  into 
tanker  aircraft.  The  study  directive  was  Co 
provide  sufficient  information  on  feasibility, 
schedule  and  cost  to  the  RNLAF  f''  parliament 
approval  of  the  programme. 

The  approach  followed  was: 

a.  Select  the  baseline  aircraft.  For  study 
purposes  a  DC-10-30CF  (convertible) 
aircraft  was  chosen  as  the  baseline 


aircraft.  This  meant  that,  if  a  passenger 
aircraft  should  be  selected,  the  aircraft 
would  first  have  to  be  modified  into  the 
convertible  configuration. 

b.  Identify  the  required  changes  to  modify 
the  baseline  aircraft  into  a  tanker  aircraft. 
To  a  receiving  aircraft,  the  tanker  should 
look  like  a  KC-lOA,  while  leaving  as 
much  as  possible  of  the  existing  aircraft. 

c.  Conduct  a  preliminary  design  of  the 
identified  changes,  making  maximum  use 
of  existing  KC-lOA  design. 

d.  Identify  and  contact  the  possible 

modification  centres.  The  modification 
centre  has  to  be  FAA-certified  and 
approved  by  MDA. 

e.  Estimate  the  time  schedule. 

f.  Estimate  the  modification  costs. 

The  primary  mission  of  the  aircraft  should  be  the 
aerial  refuelling  of  F-16  and  other  aircraft  with  a 
boom  receptacle.  Secondary  missions  will  be  air 
transport  of  cargo  and/or  passengers. 

7.  The  study  concluded  that: 

a.  the  programme  was  feasible; 

b.  the  estimated  cost  could  be  kept  within 
the  given  budget; 

c.  the  desired  delivery  schedule  could  be 
achieved  under  the  following  conditions: 

(1)  Engineering  and  procurement  should 
start  no  later  than  July  1992; 

(2)  Approval  to  proceed  should  come  no 
later  than  October  1992; 

(3)  The  first  DC-10-30CF  should  be  at 
the  modification  centre  by  May  1994; 

(4)  The  booms  must  l<e  available. 

8.  The  KC-lOA  has  an  Aerial  Refuelling 
Operator  /AROI  Station  in  me  specially 
redesigned  tail  section  of  the  aircraft.  Hie  study 
found  that  the  construction  of  such  a  station  in 
the  existing  DC- 10  would  be  very  costly. 
Therefore  it  was  proposed  to  develop  a  remote 
.station  near  the  flight  deck. 
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The  feasibility  study  was  approved  by  parliament 
on  28  February  1992,  after  which  the 
procurement  phase  began. 

Aircraft  Selection 

9.  Selection  of  appropriate  aircraft  was  carried 
out  in  two  stages.  The  first  stage  consisted  of  a 
market  search  on  the  available  DC-10-30  aircraft 
in  fiassenger,  convertible  or  freight  configuration 
and  a  first  selection  based  upon  given  selection 
criteria.  In  this  stage  assistance  was  sought  from 
experienced  agencies  like  Airclaims  and  the  Used 
Aircraft  Division  of  Douglas  Aircraft  Company 
(DAC).  The  latter  was  contracted  for  assistance 
in  the  selection  of  the  aircraft. 

The  second  stage  dealt  with  a  thorough  technical 
evaluation  of  the  selected  aircraft  and  a 
comparison  of  the  main  criteria  and  the  price. 
Also  in  this  stage  contract  negotiations  were 
started  with  the  selected  aircraft  companies.  Due 
to  the  inexperience  of  the  RNLAF  in  buying  used 
aircraft,  a  specialised  lawyer  was  contracted  for 
assistance  in  the  contract  negotiations.  The  advice 
to  contracting  a  specialised  lawyer  was  given  by 
different  sources  and,  although  it  did  not  seem 
obvious  that  -  rather  expensive  -  expertise  should 
be  hired,  it  was  decided  to  follow  this  advice. 
How  important  this  was  we  have  learned  in  the 
meantime,  unfortunately. 

10.  On  the  basis  of  the  advice  of  DAC’s  Used 
Aircraft  Division  a  number  of  general  first 
selection  criteria  were  produced.  These  selection 
criteria  were; 

a.  The  aircraft  should  preferably  have  no 
more  than  60,000  flying  hours  and 
20,000  cycles  and  definitely  no  more  than 
75,000  flying  hours  and  25,000  cycles; 

b.  The  aircraft  should  be  in  excellent 
technical  condition  and  be  maintained 
according  to  the  latest  modiflcation 
standards.  Also  the  aircraft  should  have 
undergone  the  prescribed  aging  and  anti¬ 
corrosion  programmes; 

c.  The  engines  .should  meet  the  Stage  3 
noise  requirements  to  comply  with  Dutch 
noise  regulations. 

d.  The  two  aircraft  offered  should  be  so- 
called  sister  ships,  i.e.  they  had  to  be  in 
an  almost  identical  configuration  and 
preferably  be  of  a  comparable  age. 


11.  Seven  companies  offered  thirteen  DC-10 
aircraft  in  passenger  or  convertible 
configurations.  On  the  basis  of  the  above  criteria, 
four  aircraft  from  two  companies  were  selected. 
From  the  selected  aircraft  two  were  in  a 
passenger  and  two  in  a  convertible  configuration. 
Another  two  passenger  aircraft  were  chosen  as 
back-up  in  case  the  selected  aircraft  had  to  be 
rejected. 

12.  The  four  selected  aircraft  were  inspected  by 
MDA.  Also  the  records  and  modification 
standards  were  thoroughly  verified.  The 
inspection  showed  that  all  four  aircraft  were  in 
excellent  technical  condition  and  suitable  for 
modiflcation  into  the  desired  tanker  aircraft 
configuration.  The  two  convertible  DC- 10  aircraft 
were  from  Martinair.  The  other  two  aircraft, 
from  British  Airways,  were  in  a  passenger 
configuration,  which  had  the  disadvantage  that 
they  first  had  to  be  modified  into  convertible 
aircraft.  Although  this  modiflcation  is  simple  it 
has  a  price  tag,  which  has  to  be  added  to  the  cost 
of  the  basic  aircraft.  For  the  RNLAF  it  was 
important  to  purchase  the  aircraft  on  short  notice 
because  of  the  modiflcation  preparations  which 
had  to  be  carried  out  in  advance.  Both  companies 
agreed  in  the  buy-and-lease-back  agreement 
requested  for  this  reason.  The  lease  ends  when 
the  aircraft  are  sent  to  the  modification  centre. 
The  price  of  the  British  Airways  aircraft  was 
extremely  attractive.  However,  together  with  the 
necessary  extra  modiflcation  it  came  out  higher 
than  the  Martinair  aircraft.  For  this  reason  the 
Martinair  aircraft  were  chosen.  As  a  bonus, 
existing  maintenance  could  possibly  be  continued. 
On  30  June  1992  the  purchase  contract  and  lease 
agreement  with  Martinair  were  signed  by  the 
State  Secretary  of  Defense  of  the  Netherlands. 
The  aircraft  type  was  labelled  'KDC-10'  as  a 
combination  of  KC-10  and  DC- 10  or  Dutch  KC- 
10. 

(Note:  As  is  well  known,  one  aircraft  was  lost  in 
a  tragic  accident  at  Faro,  Portugal,  in  December 
last  year.  This  aircraft  has  been  replaced  by 
another  Martinair  DC- 10  aircraft,  as  agreed  in 
the  contract.  Although  the  replacement  aircraft  is 
about  one  year  younger  than  the  lost  aircraft,  the 
configuration  is  identical,  so  the  loss  will  have 
minimal  implications  on  the  programme.) 
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Aircraft  Modification 

13.  With  the  convertible  (CF)  configuration  as 
the  base  line,  the  aircraft  have  to  be  modified  to 
make  them  suitable  for  military  cargo  transport 
and  air  refuelling  operations,  with  the  exception 
that  the  KDC-10  can  not  be  refuelled. 
Modification  will  be  tailor-made,  which  means  it 
has  to  be  designed  separately  for  each  aircraft. 
The  RNLAF  contracted  the  USAF  under  the 
FMS  agreement  to  manage  the  modification  and 
to  provide  a  number  of  long-lead  items,  i.e.  the 
boom  system.  MDA,  as  prime  contractor,  is 
responsible  for  the  design  and  delivery  of  the 
modification  package  and  for  the  selection  of  the 
modification  centre  that  will  carry  out  the 
modification.  The  centre  has  to  be  recognised  by 
MDA  and  certified  by  the  FAA. 

14.  The  major  modifications  required  to  convert 
the  DC-10-30CF  aircraft  into  the  KDC-10 
tanker/transport  aircraft  are: 

a.  Installation  of  a  KC-lOA  centerline  boom, 
hoist,  latch  and  shock  absorber; 

b.  Installation  of  aerial  refuelling  pumps  on 
the  centre  wing  tanks  and  installation  of 
the  fuel  manifold  from  the  pumps  to  the 
boom; 

c.  Installation  of  full  provisions  for  wing 
hose/drogue  pods  in  conformance  with  a 
proposed  KC-lOA  modification; 

d.  Installation  of  KC-lOA  rendezvous, 
director,  formation  and  flood  lights; 

e.  Installation  of  a  palletised  remote  aerial 
refuelling  operator  (RARO)  station; 

f.  Installation  of  video  cameras  for  the 
RARO; 

g.  Installation  of  military  avionics  and 
updating  the  INS  with  GPS  capability; 

h.  Installation  of  interior  accommodations 

for  all  cargo  or  240,  170  or  110 

passengers  with  cargo. 

These  modifications  arc  the  minimum  required  to 
make  the  aircraft  suitable  for  the  required 
military  operations.  The  goal  is  to  maintain  as 
much  as  possible  from  the  original  Martinair  DC- 
10  but  to  give  the  receiver  aircraft  the  impression 
of  a  KC-lOA.  Contrary  to  the  KC-lOA  the 
RNLAF  aircraft  will  not  have  an  additional  fuel 


tank,  owing  to  the  difference  in  refuelling 
operations  between  RNLAF  and  USAF. 

15.  For  the  Aerial  Refuelling  Operator  (ARO) 
station  there  was  a  choice  between  two  options; 
either  constructing  the  station  in  accordance  with 
the  existing  station  of  the  KC-lOA  in  the  tail,  or 
building  a  completely  new  system  with  remote 
video  control  in  the  front  section  near  the  flight 
deck.  The  latter  option  was  chosen  because  of  the 
high  cost  involved  in  modifying  the  aircraft 
structure,  especially  the  pressure  bulkheads  in  the 
rear  section.  The  concept  of  a  Remote  Aerial 
Refuelling  Operator  (RARO)  Station  is  an 
existing  one;  it  was  implemented  earlier  on  a  B- 
707  but  needs  to  be  updated.  The  integration  of 
the  RARO  and  boom  system  into  a  DC- 10  is  new 
and  has  to  be  developed.  The  development  of  the 
RARO  consists  of: 

a.  A  two-man  console  on  a  pallet  located  on 
the  main  deck  just  aft  of  the  flight  deck; 

b.  Replicates  of  the  vision  and  controls  and 
displays  of  the  KC-IO  Aerial  Refuelling 
Operator  station; 

c.  Four  19"  monitors;  three  for  the  operator 
and  one  for  the  instructor.  An  observer 
position  is  not  foreseen  in  the  RARO 
station; 

d.  A  number  of  video  cameras;  i.e.  a  stereo 
pair  for  3-D  viewing  of  the  refuelling 
scene  and  surveillance  cameras  for  a 
wing-to-wing  panoramic  view; 

e.  The  following  ba.seline  features: 

(1)  Any  monitor  can  be  switched  to  any 
camera; 

(2)  3-D  viewing  is  possible  on  any 
monitor; 

(3)  Graphics  presentation  of  boom 
envelope  and  other  boom  information  can 
be  done  on  3-D  view. 

The  video  configuration  is  still  subject  to 
discussion  and  may  therefore  still  change. 

16.  The  air  refuelling  boom  system  is  identical  to 
the  KC-lOA  system,  however,  the  boom  is  not  in 
production  any  more.  To  prevent  a  delay  in  the 
programme,  the  RNLAF  will  buy  the  KC-lOA 
boom  systems  and  a  few  other  long-lead  items 
from  the  USAF;  these  will  be  replaced  afterwards 
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by  new  boom  systems  from  the  production  line  to 
be  reopened. 

17.  To  make  the  aircraft  suitable  for  military  use, 
the  aircraft  instrumentation  and  the  freight  cabin 
will  be  brought  up  to  military  standards. 
Therefore  it  is  necessary  to  install  UHF  radios 
and  an  extended  intercom,  IFF,  TACAN  and 
provision  for  GPS.  The  cabin  height  will  be 
brought  up  to  the  height  of  the  freight  door, 
which  is  iOZ'.  This  is  iLb  same  as  the  cabin 
height  of  the  KC-IOA. 

It  is  expected  that  the  modification  centre  will  be 
selected  in  the  course  of  this  year. 

Maintenance 

18.  The  aircraft  are  at  present  maintained  by 
KLM  in  the  KSSU  organisation.  The  RNLAF  has 
the  intention  to  perform  only  a  restricted  level-A 
maintenance  on  the  aircraft.  Logistic  support  and 
the  remaining  aircraft  and  engine  maintenance 
and  repair  will  possibly  be  contracted  to  KLM. 
Configuration  management  and  maintenance  of 
the  refuelling  system  will  be  contracted  via  the 
USAF. 


Certification 

19.  The  KDC-10  will  be  certified  by  the  FAA  as 
a  so-called  amended  type  design  of  the  KC-IOA. 
To  this  end  all  modifications  will  be  analyzed 
with  resfiect  to  safety  and  they  will  be  tested 
when  required.  TTie  structural  integrity  will  also 
be  analyzed  and  tested  if  necessary.  MDA  is 
responsible  for  the  acquisition  of  the  type 
certificate.  Certification  will  be  limited  to  design 
and  modification.  Military  operations  as  such  are 
not  certified. 


design  is  in  progress.  The  modification  centre  is 
expected  be  selected  within  a  few  months,  after 
which  the  contract  between  this  centre  and  MDA 
can  be  signed.  A  contract  for  maintenance  of  the 
aircraft  is  under  negotiation  with  KLM.  A  LOA 
on  follow-on  support  from  the  USAF  was  signed 
on  31  March  1993.  In  this  contract  the 
maintenance  of  the  refuelling  system  and  the 
configuration  management  will  be  established. 
Negotiations  on  flight  crew  and  maintenance  crew 
training  are  under  way.  Delivery  of  the  first 
aircraft  to  the  modification  centre  is  expected  in 
July  1994,  the  second  aircraft  following  in 
December  1994,  based  on  in-operation  dates  of 
January  1995  for  the  first  aircraft  and  March 
1995  for  the  second.  So  far  we  are  still  on 
schedule. 


Time  schedule 

20.  After  parliamentary  approval  of  the  feasibility 
study  on  28  February  1992,  the  contract  for 
purchase  of  the  two  Martinair  aircraft  was  signed 
by  the  State  Secretary  of  Defense  on  30  June 
1992.  The  aircraft  was  transferred  to  the  RNLAF 
on  3  August  1993.  TTie  LOA  between  USAF  and 
RNLAF  on  the  modification  and  delivery  of  long- 
lead  items  was  signed  on  31  August  1992.  The 
letter  contract  between  USAF  and  MDA  on  the 
design  of  the  modification  was  signed  on  9 
February  1993.  The  definition  of  the  aircraft 
specification  and  the  attendant  modification 
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Summary 

This  paper  describes  the  development  flight 
test  programme  for  the  CC-130H(T)  Tactical 
Aerial  Refuelling  Tanker.  The  Canadian 
operational  requirement  is  first  described, 
followed  by  a  detailed  discussion  of  the  test 
item,  receiver  aircraft,  and  the 
ground/flight  test  method  and  preliminary 
results.  The  development  is  significant 
since  it  represents  the  first  certification 
of  the  Flight  Refuelling  Limited  Mk  32B 
refuelling  pods  on  a  Hercules  aircraft. 
Further  flight  testing  to  be  conducted  in  the 
near  future  are  also  mentioned. 

Abbrevlat  Iona 


AAR  Air-to-Air  Refuelling 

AETE  Aerospace  Engineering  Tes. 

Establishment 
.'.GL  Above  Ground  .Level 

CF  Canadian  Forces 

EMC  Electromagnetic  Compatibility 
FRL  Flight  Refuelling  Limited 

FT2  Fuel  Transfer  Zone 

HQR  Handling  Qualities  Rating 

LASC  Lockheed  Aerospace  Systems 

Corporation 

LIFT  Lead-in  Fighter  Trainer 

KEAS  Knots  Equivalent  Airspeed 

KIAS  Knots  Indicated  Airspeed 

MTE  Mission  Task  Element 

NFTZ  Non  Fuel  Transfer  Zone 

NWI  North  West  Industries 

PA  Pressure  Altitude 

RAT  Ram  Air  Turbine 

ws  wing  Station 


The  Canadian  Forces  operate  a  fleet  of  cno 
Hercules  aircraft  to  perform  military 
transport,  search  and  rescue,  open-skies 
verification,  support  to  peacekeeping,  and 
disaster  relief  missions.  The  Canadian 
Forces  has  recently  acquired  five  C130  H 
model  aircraft  which  are  being  configured  as 
tactical  air-to-air  refuelling  (AAR)  tankers. 
The  tankers  will  be  used  to  provide  airtiorne 
refuelling  in  support  of  CF-IPR  Hornet  and 
CF-116  Freedom  Fighter  operations  primarily 
for  support  to  long  range  North  America 
Region  Aerospace  Defence  (NORAD)  patrols  in 
the  far  North.  The  current  Canadian  Forces 
airborne  refuelling  capability  is  provided  by 
modified  Boeing  707  aircraft. 

The  tactical  tanker  aircraft  has  been 
designated  as  the  CC-130H(T).  The  aircraft 
were  modified  to  accommodate  a  cargo  fuel 
tank,  two  wing-mounted  fuel  dispensing  pods, 
and  associated  fuel  lines.  The  aircraft  were 
produced  by  Lockheed  Aerospace  System 
Corporation  (LASCI.  The  refuelling  system  is 
based  on  the  proven  KC  13n/HC-130  tanker 


configurations  but  utilizes  the  Flight 
Refuelling  Limited  (FRL)  of  Great  Britain,  Mk 
32B-751  refuelling  pods.  The  internal 
modifications  were  installed  by  Notch  West 
Industries  (NWI)  in  Edmonton  Alberta  and  were 
based  on  previous  LASC  experience.  The  joint 
effort  represents  the  first  time  that  the 
Mk-32B-751  system  has  been  certified  for 
operation  on  a  Hercules  aircraft.  This  paper 
describes  the  method  and  preliminary  results 
of  the  development  test  programme. 

Mk  32B-751 


The  Mk  32B-751  aerial  refuellir;g  pod  system 
was  developed  by  FRL  of  Great  Britain  based 
on  FRL  Mk32/2800  AAR  wing  pod.(l)  Tlie  system: 
utilizes  the  probe  and  drogue  aerial 
refuelling  concept.  The  system  provides  the 
Canadian  Forces  with  commonality  of  equipment 
with  the  Royal  Air  Force,  Che  Royal 
Australian  Air  Force,  and  United  States  Air 
Force. 

The  Mk  32B-7f.l  Is  a  state-of -the-at  t ,  self 
contained  system  which  includes  built-in  tc-st 
equipment  and  can  be  repaired  while  installed 
on  the  wing.  The  system  uses  the  L=,\istirig 
internal  wing  fuel  manifold  eliminating  an 
additional  fuel  line  in  the  wing.  The  hose 
reel  system  uses  a  f ueldraul ic/ tensator  hose 
drogue  auto-response  system  which  eliminates 
high  pressure  hydraulics  fed  from  the  host 
aircraft.  The  pod  has  a  unique  lam  a’r 
turbine  that  drives  a  pump  for  Lot  sting  fuel 
transfer  pressure  and  drives  the  fueldrd\ilic 
system.  Each  hose  is  capable  of  delivering 
300  gallons  per  minute  at  a  50  psi  delivery 
pressure.  The  hoses  are  74  ft  long  and 
connect  to  a  soft  basket  wirh  Mk  '<  drogue 
coupling.  The  system  is  controlled  by  a 
software  driven  electronic  contiol  panel 
mounted  overhead  at  the  flight  c-ngineet 
st.at  ion . 


CC-130H(T) 


The  Hercules  is  .an  .ill  metal,  ji i g); -wi ng , 
long-range  monoplane  with  .i  fuselage  divided 
into  a  cargo  compartment  and  flight  deck. 

The  aircraft  has  4  Allison  T56  turboprop 
constant -speed  engines.  The  aileron,  rudder, 
and  elevator  systems  are  controlled  by 
mechanical  systems  with  hydraulic  boost. 

Trim  tabs  are  controlled  by  electrical 
control  systems.  The  auto-pilot,  when 
engaged,  controls  the  main  flight  control 
surfaces  and  elevator  trim  tabs.  The  maximum 
gross  weight  is  155,000  lbs.  Aerodynamic 
performance  will  be  discussed  in  detail  later 
In  the  paper. 

The  modification  components  include:  two  Mk- 
32B-751  pods  and  two  wing  attachment  pylons 
at  Wing  Station  (WS)  330,  a  3600  gallon 
fuselage  fuel  tank  (or  roughly  24,000  lbs  of 
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fuel),  cockpit  control  panel,  internal  fuel 
line  plumbing  from  the  fuselage  tank  to  the 
wing,  external  lighting,  and  an  aftcabin  door 
intercom  panels.  A  side-view  of  the 
aircraft  with  hoses  extended,  hose 
dimensions,  and  comparison  with  Che  Sargeant 
Fletcher  system  are  shown  in  Figure  1. 

The  Pod  and  pylon  is  shown  in  Figure  2.  The 
RAT  is  mounted  on  the  nose  of  the  pod. 

The  fuselage  tank  and  fuel  lines  are 
illustrated  in  Figure  3.  The  tank  fills 
roughly  half  of  Che  cargo  compartment 
centered  at  the  wing  attachment  point.  Fuel 
may  also  be  transferred  from  Che  aircraft 
tanks  Co  the  refuelling  pods.  In  addition, 
the  Canadian  Forces  operate  Che  Hercules  with 
external  wing  tanks  and  after  body  ventral 
scrakes . 

The  Hercules  fleet  is  heavily  tasked  so  chat 
It  was  imperative  to  have  the  five  designated 
canker  aircraft  available  for  both  transport 
and  canker  duties  with  minimal  change-over 
time.  To  accomplish  this,  the  design 
incorporated  three  possible  configurations: 
tanker,  transport,  and  convertible.  The 
tanker  configuration  is  comprised  of  all  the 
modification  components.  The  convertible 
configuration  has  Che  fuselage  tank  removed. 
The  transport  configuration  has  the  fuselage 
tank,  pods,  and  pylons  removed.  Both  the 
convertible  and  transport  configurations  are 
capable  of  carrying  cargo. 

The  desired  AAR  envelope  defined  '-y  Canadian 
Forces  operational  requirements  was:  175  KEAS 
to  250  KEAS  from  500  ft  AGL  to  35,000  ft  MSL. 
Further  refinement  of  the  AAR  envelope  was 
necessary  to  accommodate  the  limitations  of 
the  CC-130H(T)  and  the  specific  receiver 
aircraft.  These  compatibility  issues  will  be 
discussed  throughout  this  paper. 

R»c»lvr  Aireratt 

The  Canadian  Forces  operate  two  fighter  type 
aircraft  which  are  capable  of  probe  and 
drogue  aerial  refuelling:  CF-188  Hornet  and 
CF-116  Freedom  Fighter. 

The  CF-188  is  the  primary  fighter  for  the 
Canadian  Forces  and  has  two  variants  capable 
of  AAR:  the  CF-188A  (single  seat!  and  CF-188B 
'dual  S'^at).  The  aircraft  were  manufactured 
by  McDonnell  Douglas.  Ti.e  roles  of  the  CF- 
188  are  air  superiority,  interdiction,  and 
ground  attack.  The  aircraft  possess  a  full- 
authority  control  augmentation  system. 

Primary  flight  controls  are  the  ailerons, 
twin  rudders,  differential  leading  and 
trailing  edge  flaps,  and  differential 
scabilacors.  Hydraulic  actuators  position 
the  control  surfaces  with  stick  and  ru'lder 
feel  provided  by  spring  cartridges.  The 
refuelling  probe  on  the  Hornet  is 
retractable. 

The  CF-116  is  the  other  fighter  aireratt 
operated  by  the  Canadian  Forces  and  has  two 
variants  capable  of  AAR:  the  CF-1I6A  (single 
seat)  and  the  CF-n6A/R  (reconnaissance 
single  seat).  The  aircraft  were  manufactured 
by  Canadair  Limited  on  license  from  Northrop 
Corporation.  The  CF-116D  (dual  seat) 
aircraft  are  not  capable  of  AAR.  The  CF-116A 
is  used  as  a  ’lead-in  f  ight er / 1 ra Iner •  (LIFT) 
for  the  CF-188  Hornet  with  a  secondary  role 
in  reconnaissance.  The  flight  controls  are 
hydraulically  actuated  by  two  independent 
systems  and  have  artificial  feel  to  assist 
the  pilot.  Stability  augmentation  is 


provided  in  the  pitch  and  yaw  axes.  The 
moderately  swept  back  wings  incorporate  both 
leading  and  Lrriling  edge  flc.ps  for  increasea 
lift  and  improved  s  low-a  i  rspeed  ha.udling 
chai  uocer  1st  ics  .  T.he  refuelling  probe  is 
removable  but  fixed  in  Che  extended  positic;. 
when  AAR  is  to  be  performed. 

Test  R»»pon»lbllltl9B 

The  test  programme  was  a  joint  effort  between 
LASC  and  the  Canadian  Forces.  As  the  prime 
contractor,  LASC  had  total  responsibi a  1 ty  for 
management,  production,  fitment  of  the  unique 
systems,  and  delivery  of  the  tanker  aircraft. 
In  addition,  LASC  was  responsible  to  qualify 
the  airworthiness  of  all  tanker 
configurations  and  demonstrate  the  compliance 
with  relevant  specifications.  The  primary 
specification  for  compliance  was  M11-A-19736A 

(3)  with  exceptions  for  the  unique 
capabilities  of  the  Hercules. 

The  category  flight  test  approach  is  used  by 
the  Canadian  Forces.  This  approach  is 
divided  into  three  categories  which  reflect 
the  phases  of  test  and  evaluation.  Category 
I  includes  all  developmental  tests  and  is 
generally  the  responsibility  of  the  prime 
contractor.  Canadian  Forces  personnel  may  be 
involved  depending  on  the  resources  of  Che 
contractor.  Following  Category  I  testing, 
the  prototype  aircraft  is  accepted  by  the 
Canadian  Forces  and  Category  II  testing  is 
performed  by  the  Aerospace  Engineering  Test 
Establishment  (AETE)  located  at  Canadian 
Forces  Base  Cold  Lake  in  Alberta.  The 
Category  II  testing  includes  independent 
proof  of  spec i f icat ion  compliance  and  further 
refinement  of  the  safe  opera(-ing  envelope. 
Category  III  testing  is  comprised  of 
operational  tests  and  in  the  Canadian  Forces 
this  responsibility  is  generally  delegated  to 
the  operational  group  within  Air  CoiTimand,  in 
this  case  Air  Transport  Group. 

Category  1  T»»t  Progreunme 

The  Category  1  test  programme  included  ground 
tests  of  the  CC-llOHIT),  flight  tests  for 
airworthiness  of  the  CC-130H(T) 
modi  f  icat  ion.s,  and  leceiver  compat  ibi  1  ity 
testing.  The  specific  tests  performed  were 
as  follows: 

a.  Ground  Tests: 

(1)  structural  static  loads 

(2)  ground  vibration 

(3)  hiel  transf.-r  funccion.ais 

(4)  elect romagnet ic  compat ibi 1 ity 

b.  A  i  twoi  th  ir.ess  Flight  Tests: 

(1)  EMC  salety  of  flight 

(2)  flutter 

( 3 )  safe  call iage 

(4)  performance 

(5)  handling  qualities 

(6)  hose  extern  ion/ ret  race  ion 

(7)  hose  jettison 

c.  Receiver  Compatibility  Tests: 

(1)  tanker  w.ake  investigation 
( 2  )  hone  st  abi  1  i  t  y 

(3)  CF-1R8  handling  qualities 

(4)  CF-U6  handling  qualities 

(5)  night  compatibility 

LASC  planned  and  conducted  the  ground  and 
flight  testing  of  the  CC  130H(Ti.  Canadian 
Forces  participation  during  this  testing 
included  test  observation,  some  ground  tests 
and  the  receiver  '-ompa t  i bi  1  i ty  trials.  The 
Canadian  Forres  provided  the  receiver 


26-3 


aircraft  and  test  pilots  who  performed  the 
qualitative  evaluations  of  the  receiver 
handling  qualities  during  AAR.  This  paper 
discusses  the  results  of  the  Category  I 
testing  emphasizing  the  compatibility  issues 
chat  have  placed  restrictions  on  the  A.'R 
envelope.  The  flight  test  programme  was 
completed  with  19  Canker  flights  for  a  total 
of  100  flying  hours.  A  CT-133  Silverstar  was 
used  for  photo-safety  chase  for  a  total  of  21 
flights  or  40  flying  hours.  A  total  of  10 
CF-116  flights  for  20  flying  hours  and  20  CF- 
188  flights  for  60  flyi.ng  hours  were  also 
required  to  support  the  programme.  Category 
II  and  III  testing  is  ongoing  at  this  time. 

CC-130H(T)  Ground  T»af 

Ground  testing  of  the  CC-130H(T)  was 
conducted  at  Northwest  Industries  (NWI) 
Edmonton.  Tests  conducted  included:  proof 
static  loads;  ground  vibration;  fuel 
transfer;  and  electromagnetic 
compatibility. (2) 

The  structural  proof  load  test  was  performed 
CO  verify  the  integrity  of  the  pylon 
installation  by  applying  li.mlc  loads  and 
mcments  at  Che  wlng/pylon  interface.  A  dummy 
ref''elling  pod  was  attached  to  the  pylon  and 
served  as  the  means  through  which  the  proof 
loads  were  applied  via  five  actuator 
assemblies.  Test  loads  were  derived  f rcn.  the 
aerodynamic,  inertia,  and  hose  loads  fc; 
various  aircraft  conf igurations  and  flight 
-'ondit  ions  .  These  loads  were  combined  to 
provide  five  critical  lirrdt  load  conditions. 
Strain  gauges  were  used  to  verify  the  strain 
linearity  and  that  the  intensity  was  within 
limits.  Visual  inspection  of  the  pylon 
installation  and  aircraft  wing  in  the 
vicinity  of  the  pylon  attachment  fitting 
revealed  no  damage  to  any  structure. 

Ircund  vibration  testing  was  performed  to 
determine  the  aircraft /py lon/pod  modal 
■:haraccerist  ics  .  Landing  gear  struts  were 
def  bated  and  tire  pressures  reduced  to  fifty 
percent  of  the  standard  pressure  to  lower  the 
rigid  body  modes  below  the  major  structural 
modes.  All  flight  control  surfaces  were 
adjusted  and  blocked  for  zero  deflection. 
Shakers  were  attached  vertically  and 
laterally  to  the  pod  nose.  Symmetrical  and 
ant i  - symmet r ical  sine  sweeps  and  modal 
;',urveys  were  performed.  The  experimental 
mode  shapes  and  fr  quencies  were  compared  to 
analytically  derived  and  measured  data  for 
clean  and  similar  configurations.  They 
compared  well  and  the  refuelling  pod  had 
minimal  effect  on  the  basic  aircraft  modal 
character  ist  ics . 

Steady-state  and  surge  fuel  transfer 
pressures  were  measured  on  the  ground  with 
several  flowrates,  dual/single  tanker  pump 
op'eration,  and  several  receiver  tank 
configurations.  The  rests  were  performed 
first  with  a  simulated  receiver  followed  by 
the  CF-116  Chen  the  Cf-isr  aircraft.  Tests 
with  the  simulated  receiver  demonstrated  a;, 
average  pod  discharge  pres.eure  of  107  psig 
(120  psig  limit).  The  peak  pod  discharge 
surge  pressure  was  26S  psig  (310  psig  limit) 
at  maximum  fuel  flew.  Operating  pressures 
ranged  from  38  to  53  psig  with  surges  not 
exceeding  50  psig  (50  */-  5  psig  limitl. 

Tests  with  the  receiver  aircraft  demonstrated 
similar  pressures. 

Electromagnetic  compatibility  testing  was 


jointly  conducted  by  LAJC  and  AETE  personnel 
A  pre-test  frequency  coincidence  analysis  was 
performed  by  AETE  in  efforts  to  predict 
likely  RF  interference.  Testing  included 
bonding,  electrical  power  characteristics, 
conducted/  radiated  emissions,  and 
source/ vict im  interaction.  Only  some  minor 
interferences  were  observed.  One  recognized 
dif'  culty  with  EMO  'esting  with  the  Kercules 
aircraft  has  been  the  applicability  of  the 
results  for  the  entire  fleet  because  of 
differences  between  avionics  configurations, 

CC-130H(t;  Plight  T«gt» 

Flight  testing  of  the  CC-130H(T)  for 
airworthiness  were  conduct>id  from  Ed,'io.nton 
Incernat ional  Airport  by  a  LA.8C  flight  test 
crew.  Tests  conducted  included:  EMC  safety 
of  flight  test;  flutter;  safe  carriage; 
performance;  handling  qualities;  hose 
extens ion/ ret  race  ion ;  and  hose  jettison 
tests.  (2) 

An  EMC  Safety  of  Flight  Test  (SCFTi  v;‘S 
conducted  on  the  first  flight  to,  i.-ct  robot  ate 
the  ground  test  results.  No  def  i  c  i  ere' i  es 
were  observed  and  the  ,air':t.a[t  was  c'ie,ared 
tor  IFR  flight  for  the  te.st  preg:  attune . 

A  flutter  test  was  performed  to  demot.strate 
freedom  from  any  aercelastic  instability 
throughout  the  aircraft  flight  envelope. 

Stick  raps  and  rudder  singiets  wt-ie  performed 
in  each  direction  to  excite  the  structure  an 
each  test  condition.  Real-tMne  on-bcaiii 
analysis  of  accelerometer  me  ■  ,remer.ts  was 
perform  j  to  evaluate  the  a  rcraft  response. 
The  test  proved  that  the  aircraft  is  free 
from  any  aercelastic  instability  tiiroughcut 
the  flight  envelope  and  that  the  damping 
trend  in  the  lowest  damped  mode  snows  .an 
increase  with  airspeed. 

Since  the  wing  pods  are  carried  exte: na 1 ! v , 
limited  stores  safe  carriage  flight  tests, 
were  conducted.  A  30  minute  speed  soak  at 
maximum  level  flight  airspec.lj  were  conducted 
.at  500  f-  AGL  or  2,400  ft  MSL.  A  post-flight 
inspection  dio  not  reveal  any  deficiencies. 
All  other  safe  carriage  test  requirements 
were  satisfied  by  the  existing  tests. 

The  dr.  7  index  of  *  he  wing  p-ods  and  pylons 
were  measured  first  with  the  hoses  retracted 
then  both  extended.  Standard  weight  to 
pressure  ratio  test  techniques  were  used. 
Baseline  flight  tests  were  pet ‘or .me',!  before 
the  modification  using  the  same  aircraft  to 
m,ake  the  comparison.  Test  airspeed  -  with  the 
hoses  retracted  ranged  from  1.2  Vs  to  270 
KIAS  at  10,000  ft  PA  and  1.2  Vs  to  230  KIAS 
at  25,000  ft  PA.  Test  airspeeds  with  the 
ho.ses  extended  tanged  from  160  to  250  KIAS  at 
10,000  ft  PA.  Test  data  shows  the  increased 
drag  to  be  a  constant  inclement  throughort 
the  flight  envelope.  The  contiactv.ir 
determined  that  the  drag  index  was  +19  DI  ror 
the  pods/pylons  and  *62  DI  with  the  hoses 
extended.  The  after  body  ventral  strakes 
reduce  the  drag  by  -10  DI  therefore 
minimizing  the  impact  of  the  AAR  installation 
on  Hercules  performance. 

The  effects  of  the  modi f i cat  i ons  on  the 
handling  qualities  of  riie  Hercules  was 
qualitatively  ass- used  using  standard  flight 
lest  techniques.  Weight  and  renter  of 
gravity  limits  were  established  for  the 
fuselage  fuel  tank  and  mid  to  aft  center  of 
gravity  conditions  were  selected  for  the 
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tests.  Tests  conducted  by  the  LASC  test  cr':*w 
were  static  longitudinal  and  lateral- 
directional  stability,  dynamic  lateral- 
directional  stability,  roll  performance, 
heading  _hange  characteristics,  trim,  and 
stall  characteristics.  No  degradation  or 
changes  were  observed  due  to  the  installation 
of  the  AAR  system. 

A  series  of  hose  extension  and  retraction 
tests  were  performed  throughout  "he  planned 
operating  envelope  to  observe  the  hose 
motions  and  determine  the  rate  at  which  the 
hose  could  be  trailed  arc!  rewound.  The  left 
hose  tended  to  rotate  aii  whip  during  the 
first  10-20  ft  when  nea,.  the  maximum  level 
flight  airspeed  above  20,000  ft.  Further 
investigation  will  be  undertaken.  The  rate 
for  trailing  and  rewinding  the  hoses  ranged 
from  17-2''  seconds  throughout  the  envelope. 

A  h'*'3e  jettison  test  was  conduct^^d  to  verify 
the  functional  operation  of  the  safety 
feature.  The  right  hose  was  jettisoned  over 
th*’  Primrose  Lake  Evaluation  Range  at  SOO  ft 
AGL  and  250  KIAS.  The  hose  was  cut 
successfully  and  separated  cleanly  from  the 
aircraft . 

AAR  TTmlnoloqy 

Prior  to  discussing  the  receiver 
compat ibi  1  i f'y  phase  of  the  testing  it  is 
necessary  to  define  some  of  the  AAR 
terminology.  The  complete  task  of  AAR  was 
broken  in^c  six  mission  task  elements  (MTFs). 
There  MTEs  were  associated  with  position  or 
procedure.  They  were:  p  e-contact,  contact, 
fuel  transfer  zone  (FTZ),  non-FTZ.  normal 
disconnect,  and  emergency  disconnect.  A  side 
view  of  the  refuelling  positiorjs  are 
illustrated  in  Figure  4.  The  n-..‘rmal 
disconnect  procedure  rvguiied  the  receiver 
aircraft  to  slow  down  and  di.scc''n.nect  when  tJ.e 
hose  was  at  full  extension.  The  emergency 
disconnect  procedure  was  performed  by  rapidly 
poweriiiQ  back  to  idle  -and  -iescending  sfraiqh' 
ahead  when  disconnected. 

R»c»lvr  Coapmtlbllity 

Receiver  compar  ibi  1  it.y  testing  was  requited 
to  'define  th*.  refuelling  es  f-M  rh.-* 

.■F-188  and  CF-llc.  Definititcj  the 
envel-^pe  depende-d  'ci  aircraft  f'^r fo t manv-- 
limitations,  drogue  stability  in  t.  e  wake  -d 
the  receiver  aircraft,  re-'eiver  handling 
qualities  at  the  altitude  and  airspeed 
conditions,  hose  st-ibiliny,  and  ease  of 
formation  with  the  tarik.‘:-r.  The  tollc'wing 
i-*sts  wer  '  conducted:  tanker  wake  survey; 
hose  stall  lity  test;  ind,.'idual  receiver 
aircraft  handling  qualities  evaluation  af 
each  of  the  AAR  MTE  (described  previously  in 
"’aylight  condi  t  ions;  n  igh^  compat  ibi  1  it  y 
^erts;  and  operational  r>i  l^t  assessments. 

Qualitative  receiver  Lest  pilot  observations 
were  gathered  to  evaluate  the  workload  and 
compensation  required  to  perform  the  AAR 
MTEs.  Multiple  pilots  flew  the  test  point’s 
although  it  was  nor  possible  to  repeat  each 
specific  te55t  point  numerous  times.  Tlie 
Cooper-Harper  Handling  ct..^lities  Rating  tHQK) 
system  described  in  ret*..ience  4  was  used  to 
assist  in  substantiating  the  qualitative 
observations.  The  HQR  procedure  detailed  in 
Figure  5  was  used  to  make  Che  assessment  of 
the  compensation  to  perform  each  task.  Task 
performance  for  the  MTEs  were  Ix^sed  on  time 
to  perform  the  rontact  task  or  for  all  ither 


tasks,  the  ability  to  maintain  sate  spatial 
position  with  resp-’^ct  to  the  Ct -I'MHir;  .  Tne 
task  perf^'-'-ance  criteria  are  also  shown  in 
Figure  4  for  the  AAR  MTEs.  When  pc-L^sible, 

Che  MTEs  were  also  evaluated  in  turbulent 
conditions  rated  as  either  nil,  light, 
moderate,  or  severe  turbulence.  Ail  han'diing 
qualities  testing  was  performed  in  daylight 
condi C ions . 

In  addition  to  test  pilot  observations, 
operational  p’lots  flew  a  number  of  sorties 
Co  provide  opinions  early  in  do'.'olopmeru  . 

Fost  flight,  the  operational  pilott  were 
asked  to  complete  the  following 
questionnaire: 

(1}  .^t  what  airspeed  or  raiige  of  -iirspeeds 
did  you  feel  comfortable  making  contact? 

What  altitude  were  you  flying? 

(2)  At  any  time  did  you  have  ditficulty 
controlling  Che  aircraft? 

(3)  Was  the  aircraft  re.sponse  sluggish, 
comfortable,  or  too  sensitive?  Any 
differences  due  to  airs, ‘■'ed? 

(4)  Did  you  experience  any  PIO  in  pir'h, 
roll,  or  yaw?  What  was  yc-ur  ■;-rie-»  iv*=- 
action? 

(5)  Did  your  aircraft  exhibit  arc/  '•ii'tions 
that  your  did  not  expect'  At  wha'  po.s  i  t  i  tri : 
i6)  Were  you  Crimmeo  in  the  pro  '•or.t.njt 
posit  ion? 

(7)  Did  you  use  t’,7)  ila"  i  h'ljc:  tr,* 

contact,  in  the  fuel  transfer  roT.e,  or  dirrinj 
disconnect?  If  sr.  what  dl^-'-c"!'.  and 

Which  hese? 

(8)  Did  gross  wedght  ali»-ci  har.'i  1  i r. j A*  w.n.r 
airspeeds  and  at  wh-it  gt:.  l-v-.:  weight.-'?  ?dd  y'_ 
-rhange  control  p-^si:  lOOi,  tri::'.  •  r  p- 'A-er  ' 

I -n  What  flap  settin-g  lii-’i  you  u;.-**-?  Wao  '  h.*-- 
.itr  irude  accc-pf  ah  1  o v 

'10)  Did  you  us‘-»  rud-J-'C  t  r  any  reicT.: 

(11;  Was  p'ower  resp'r.S'’  a  i.  •■guat  •■.  ? 

,1.;:'  Dos-trihe  your  [►••hr.ipo  ..  ‘-.i  "  •  ."vik-- 
r  ■'nt  act  ;  _  .  ,  ,  ^ 

-i-or-rved)  on  .  r -chn i 'Tn-- w!;.ir  w.is  v'ui 
worklot:!  for  making  .''.rha--’  in  •  ‘ 
cone  it  ions? 

(14  I  Des  ribe  'he  h^^se  h-'d.av :  i-v;  r  t 
flight  and  in  the  b-*w  wav^-  y  ur  .iroraf'  . 
Did  it  affect  V’-^ur  t-.fCtin.qi, 

(IS)  How  much  '-1id  mof  i n  •han.’rc  whun 

t  lying  in  turbuler. 

Any  differenoen  berw--.,.:j  ;  ,,.r  ^  r'c.tt 

h-.'  se? 

!l7i  Do  you  see  any  p-v 'UO  i  a  I  |'•r■dle^'.s  wifi',  'i 
student  in  i  h'-'*  co-rkpi'  i 

How  wr-uid  fatlgu':-  i  n !  I  lo'-riC*-  y-'ur  arlli'y 
ro  make  contact? 

'I'M  Arry  other  '..'‘nm-'ii's. 

Th'^  tesult.s  pi  'V;  j.-d  in  vm r  , y  ''^pp':  r  ’  uii :  ’  y  ::: 
the  development  pi'''''es:;  r  ^  iudae  th.e 
lifficulty  which  an  i  nexp*''!’ i  en-ce  i  nrud'-'r.r 
f  igfitei  pilot  w-'ul'.i  fw  v.vp-ovei  ■  :  ihivc- 
performing  AAR  with  the  ■'''  I'n'dliT'  . 

pTfoniiAnc*  Llmitatlong 

'Fhe  timt  signiii-'ant  tactiU  to  d-^line  r  he 
\AH  envelope  was  t  h«''  i''ei  Uunianco  limitation.: 
imp-'-'sed  by  the  fier '■'ule.:.  Hcu  nc-i  ,  and  Freedom 
Fighter.  Using  a  rurb'^piop  tanker  tv^r 
turbt'jer  figl'tors  ehvi' uisly  ro.iuced  the 
•  ivailible  lefueilir'g  a  1 1  sp.ee.i  and  alt.i.ude 
rang*--'  the  .  ttiat  tyy-icai  f'M  i  turbefan  or 
till  b-^iet  ranker  . 

The  Hercules  maximum  level  flight  airspeed 
limited  the  pric-i'oal  m.irdmum  leiuelling 
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airspeed  Co  roughly  2S0  KIAS.  This  was 
further  reduced  above  2S,000  fc  as  gross 
weight  limited  the  maximum  achievable 
airspeed.  Furthermore,  an  operationally 
representative  canker  fuel  load  loweited 
maximum  achievable  ceiling.  Therefore, 
refuelling  could  only  be  practically 
performed  below  roughly  28,000  ft  to  30,000 
ft  PA.  Addition  of  the  after-body  strakes 
reduced  overall  aircraft  drag  by  several 
percent  making  operation  at  2S0  KIAS  sMghclv 
more  efficient.  Under  these  constraints  the 
contractor  selected  a  drogue  with  drag 
characteristics  optimized  for  AAR  in  the 
airspeed  range  of  275  to  250  KI*':.  Testing 
to  determine  the  minimum  hose  stability 
revealed  chat  the  hose  began  tc  rewind  at  136 
KIAS  at  both  10,000  ft  and  20,00u  ft  which 
was  acceptable  for  the  intended  receiver 
aircraft.  12)  Testing  to  determine  the 
minimum  airspeed  for  hose  deployment  revealed 
that  at  10,000  ft  the  minimum  was  185  KIAS 
and  190  KIAS  at  30,000  ft.  (2)  The  latter 
characteristics  do  not  limit  the  lower 
airspeed  range  for  actually  conducting  aerial 
refuelling  as  it  is  possible  to  trail  the 
hose  above  these  airspeeds  and  if  necessary 
reduce  speed.  As  will  be  discuss*.  3  shortly, 
the  coritrollabil  ity  of  the  receiver  aircraft 
hampered  slow  speed  AAR  near  this  minimum 
trail  airspeed. 

The  CF-188  by  virtue  of  it-  design  for  air- 
to-air  combat  and  carrier  1  'nding 
capabilities  ha.=^  very  good  slow  sp«=ed 
pf formancG .  Th«  CF-i88  could  match  the 
..Ci-culfes  and  drogue  airspeed  and  altitude 
envelope.  The  only  limit  was  maximum  angle 
of  attack  of  12  degrees  for  visibility  cvei 
the  nose.  If  reached  in  -ruise  flight  flap 
selection  could  reduce  tie  angle  cf  attack. 

The  CF-H'j  Incorporates  trailing  and  leading 
edge  flaps  tor  low  speed  fligh^. 
Unfortunately,  the  aircraft  p<>ssess  severe 
engine  throttle  conf.iol  rest !• : ct  i-./n'*  at  slow 
speed  and  high  alt^^.des.  The  Freedom 
Fighter  intake  system  has  caused  an  exren.sive 
history  of  compressor  stalls.  The  flight 
manual  caution  areas  that  are  obse 'ved  by  the 
Cdnadi.-,i  Forces  in  operating  the  ai-craft  are 
shown  in  Figure  6.  This  in  conjunction  with 
•  ..e  250  KIAS  maximum  canker  airspeed 
effectively  limits  th*  116  to  AAR  b*.  low 
.10,000  ft.  Heavy  gross  weight  per  formal, cl 
the  CF-116  can  limit  the  maximtim  altitude 
further  to  as  low  as  a  maximum  of  IS.  00.')  ti 
T:nt  rol  labi  1  i  ry  is  .also  of  conce-zn  but  this 
will  be  mentioned  in  the  handling  qualirit.'S 
d i s -  ission . 

The  performance  constraints  foj  r_he  thre** 
aircraft  can  be  simj)!  i  f  ie<l  cand  pres*/nted  as 
an  airspeed  versus  altitudn  pi  shown  ii. 
Figure  7.  Th^/  maximum  al^  iMi-.l*-  and  air.'p-e*-*d 
limits  shown  may  vary  slightly  due  t  gr-  ss 
weight  nnd  t-xternal  -on  f  igui  at  ion  . 

TmfcT  *nd  aog»  Stability 

Prior  to  engaging  the  dru^uo,  the  hose 
stability  -^nd  tanker  wake  were  ev-aluated  to 
ensure  that  no  unacceptat ie  i isks  to  the 
reoeivers  were  present .  The  hose  length 
placed  the  drogue  16  ft  closer  to  th*-* 
ieicules  than  the  Sargeaid  Fletcher  cystem 
ujied  on  the  KC - 1 30 /hU  1  30  tankers.  The 
impact  r,t  this  siruaMon  ca.n  be  •.  n  in 
Figure  b  for  the  CF  188  and  Flgur'  9  for  the 
CF  116.  Although  no  problems  were 
encountered  auring  3ay  time  operations  added 


risku  were  present  for  night  refuelling. 

The  tanker  wake  was  observed  by  fiyi-.g  behind 
it  in  Che  ore-contact  and  contact  positions 
with  the  hese.-D  retracted.  R'^'^h  the  CF-lIt 
and  CF-186  performed  the  ^estt..  The  receiver 
test  pilots  investigated  the  ncmi.nul  :^nd  off 
nominal  hose  hang  positior,d.  The  acceptable 
FTZ  was  determined  to  be  the  enveiepe 
illustrated  in  Figure  10.  in  this  envelope 
several  tanker  wake  effect  were  obser”ei. 

The  wi.ng  tip  vortices  and  propeller  wash  were 
weak  .as  was  the  wing  wake  if.  the  leceivcr  w.-tc 
repositioned  directly  behind  and  level  with 
the  wing.  The  fuselage  vorti  -es  were  however 
found  to  be  very  strong  during  '  arr^es 
between  wing  stations  in  the  pi  -contact 
position.  These  vortices  tended  to  roll  tne 
receiver  into  the  tanker.  As  long  as  the 
fuselage  wake  was  avoided,  the  tanker  wake 
was  acceptable  for  AAR. 

The  stability  of  the  hoses  in  free-flignt 
were  then  observed  to  determine  the  expecte': 
ease  for  ma?  ig  contact.  Tests  included  ri-:n>.- 
free-trail  liight  in  calm  and  tuibu'ent  nii 
and  dynamic  behaviour  during  ccTitrol 
doublets.  The  control  doublets  ir  pitch  ar.d 
roll  resulted  in  lightly  damped  veitioai 
oscillations  exhibiting  a  3  second  period. 

In  some  cases,  t.»e  .  .sci  1  iat  ions  required  Iv. 
seconds  to  dissipate  alter  ::cr.t.rols  were 
released.  The  hoses  fed  h  wed  tlte  tank'r 
motion  during  th^  ru‘id*:.-i  d.-ui  lets.  Z'he  light 
-weight  oasket  and  sr^.-rtei  hosT  -was  t.!ie 
p-robable  cause  of  the  i  ;w  .iaiTpinu.  In  lev-1 
flight  and  cairn  air.  the  dreguo  tenJ-.d  d.. 
t-erv-i  Ua».e  /  r.:  r,  v^-utbuilly  w  ih  th-.-  ' 

second  period.  In  m.u,euver  ir*g  lli.rht  up 
?• ,  d'_jiees  oi  b-ir.k  u  r-dr.'.  r  i  n -r-  in  ’he 
oscillations  wins  n<-.t«-.i,  Tic:-  h'.ue^'  a  1  s  r 
tended  tc  exhli  it  a  ■  It  .'iitul.ir  Tr  '■  i  :  n 
-wh‘ch  may  hate  been  -lucod  rv  u':  .:iu  1 u 

the  airciat'f's  d’it<*h  i  .  ll  wf.i:h',  was 

lightly  damp.’:- '  sit  tagr.  alti^ude^'.  In 
turbub3n*.  air.  the  ore:  1  lu^  ’  h-  h 

increased  dr  amat  i .  ..i  i  iy  .  l.igic  uidu  eric*;- 
ic^ulred  in  vertical  h>-'oe  ..■iu* :  1 1  at  i  ons  d'  t 
to  sO  fr  ,  To  .s-'.'me  e.vr;*..»r.*.  ,  r.u*'-  ':,.3g:; '  ■  udt^'  •:  I 

*  he  't.sci  1  lac  ic  iS  ocuM  io::u;'od  by 
■decreasing  airspeed.  Tha.  impa'.'t  :•(  ti.e  lev. 
h'l-'se  dampino  wil’  r-  i :  -a  : 

receiver  aircraft.  The.-  nia'ou;'.  y  cd  ’  he 
flight  teur  inu  wa.s  p<^-r  ‘  rni*-- .1  uuing  ’dc;'  .-tut  .  ■ 

pib'-C  i.u  the  t '^T)ke]  .  Tfa-  au’ ■■  g- i  1  pr'’V..:e.'i 

a  stable  ranker  and  wa.-  a't 'ej.  ■  'irde-. 

.pyglope  Expansion 

Daylight  oemp it  ihd  1  i t y  t-:-:r.  Oig  w.iu  plartied 
:  15.000  ft.  FA  .tud  -t,','.'.;  r.A  tor  Mie 
OF- 188;  lO.OOO  ft  FA  ano  .n.Ui!  ■  ft  FA  for 
OF- lit;  and  a  c«.'nimv.ni  Ivw  ill  irij..ie  ^‘est 
sequence  at  500  tt  Adj,  for  p-'W  l*->v.c  i  tiandling 
qualities.  Tlu’  mediuir  altif.ide.'  wore 
i  n''<^st  igated  first  t’U  safely  a*  '  avc-idance 
o'  any  potential  r*dblems  it  hiigh  n  d.w 
a  1  r.  i  t  udes  . 

The  airspeed  envelopv  tor  the  plai.n*-  ; 
altitudes  were  in'  .sti'gaiei  I.  v  stariirv^  a’ 

25<'>  KIAS  then  slowing  dc.wn  to  ar.y  limit  inu 
controllability  problems.  Weather 
constraints,  diffi..-  Ities  with  the  CF-186 
b'"'w-wave  at  ?50  KIAS,  and  receiver  aircraft 
s-.-»!tle  generation  required  some  min-ir 
modi f icac ic ns .  but  overall,  this  approach 
worked  very  well. 

The  CF-168  test  points  investigated  are  she  . 
in  Figure  11.  The  maximum  altitude  explored 
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was  34,000  ft  PA  and  minimum  500  ft  AGL.  The 
CF-116  test  points  investigated  are  shown  in 
Figure  12.  To  avoid  the  engine  compressor 
stall  region,  Che  maximum  test  altitude  was 
20,000  £C  PA.  No  testing  in  the  standard  day 
caution  region  was  attempted. 

Night  compatibility  testing  was  only 
conducted  at  medium  altitudes.  This  approach 
was  to  avoid  airspeeds  where  handling  quality 
problems  were  discovered  in  day  light 
conditions . 

CP-18B  Conpatlblllty 

During  the  first  several  approaches  to 
contact,  it  was  apparent  Chat  the  bow-wave  of 
the  CF-188  seriously  affected  the  drogue. 

For  this  reason,  Che  precision  contact  task 
became  the  critical  Cask  for  workload 
assessment  by  Che  receiver  pilot.  The  right 
hose  tended  to  be  slightly  harder  to  make 
contact  due  to  the  propeller  wash  and  wing 
tip  vortex  interactions  but  was  not 
objectionable.  HQRs  for  the  contact  task  on 
Che  right  hose  were  6  at  250  KIAS,  3  at  225 
KIAS,  and  5  at  1'’5  KIAS.  HQRs  were  less  for 
contacting  Che  left  hose.  The  test  pilot 
reported  that  the  drogue  could  be  easily 
perturbed  and  was  very  unpredictable  in  the 
bow-wave  of  the  CF-188.  This  motion  could 
exceed  10  ft  at  250  KIAS.  The  affects  could 
be  minimized  in  the  airspeed  range  200-240 
KIAS.  A  moderate  closure  rate  was  found  to 
be  optimum  although  some  pilots  preferred  a 
high  closure  race  to  catch  the  drogue  prior 
to  any  large  unpredictable  displacements. 
Different  external  configurations  and  gross 
weight  had  no  effect  on  the  handling 
qualities  at  contact.  Contacts  were  made  as 
slow  as  175  KIAS  whi'.'h  also  did  not  reveal 
any  problems  if  the  Auto  Flaps  mode  was  u..ed. 

The  previous  results  were  for  nil  turbulence 
conditions.  When  contacts  were  attempted  in 
turbulence,  the  workload  inct  ased 
dramat leal ly  .  If  the  turbulence  intensity 
was  moderate  or  worse,  the  time  to  make 
contact  could  be  as  long  as  9  minutes.  This 
resulted  in  one  test  pilot  assigning  an  HQR 
of  7  at  220  KIAS  in  moderate  turbulence. 

Handling  qualities  while  performing  the  pre- 
contact,  FTZ,  and  NFTZ  MTF.s  were  acceptable. 
The  test  pilots  assigned  HQBs  as  2  or  3  in 
the  pre  contact  position  .and  FTZ.  Some  hose 
whipping  occur  ted  when  in  the  NF"Z  after  i  he 
hose  tensator  limit  was  le.iched.  but  a 
warning  light  on  the  pc-d  N'llmouth 
illuminates  when  the  region  is  reached  which 
provides  ample  protection.  Contacts  weie 
made  in  maneuvering  t 1 ighr  up  to  a  maximum  of 
30  degrees  of  bank.  The  test  pilots  reported 
HQRs  of  5  at  '.’SO  KIAS  .an  the  right  hose  which 
was  slightly  harder  rh.an  the  left  hose  as  in 
level  flight.  Form.arion  flight  at  30  degrees 
.'t  bank  in  the  FTZ  were  also  performed  which 
were  assigned  HOP  of  '  .  tJ.srmal  aitd  emergency 
dis.connecrs  were  pier  f'.ir  me.l  t  |n  .aughout  the 
envelope  and  no  ptofdems  were  identified. 

Altitude  did  nc-t  have  .^tiy  s  i.gn  1  f  i  rant  effect 
an  the  handling  qualities.  The  higher 
turbulence  intensities  were  .generally 
observed  below  10,000  f!  RA  but  if  calm  AAR 
as  low  as  SOO  ft  AC.I,  was  a.'.'ep,r.jf»le. 

The  AAR  envelop.e  f  .r  the  OF  188  was  defined 
as  170  to  240  KIA:;  with  Autaflaps  required 
below  200  KIAS.  The  altitude  range  w.as  500 
ft  AGL  to  35,000  ft  PA. 


CP-116  Compatibility 

As  for  Che  CF-188,  Che  contact  task  was  Che 
critical  case  for  receiver  pilot  workload. 

The  drogue  only  suffered  from  minor  flow 
influences  by  Che  CF-116.  At  most  the  drogue 
was  displaced  by  one  drogue  diameter  and 
could  be  easily  compensated  for  during 
contact.  The  optimum  airspeed  f.3r  making 
contact  was  found  to  be  250  KIAS  with 
degrading  handling  qualities  as  airspeed  was 
reduced  Co  220  KIAS  due  to  worsening  control 
response  sluggishness.  The  test  pilot 
assigned  a  HQR  of  3  at  250  KIAS  and  a  4  ^c 
220  KIAS.  With  all  wing  stations  loaded  and 
increasing  gross  weight  also  made  the  control 
response  more  sluggish  but  was  not 
objectionable.  As  with  the  CF-188  Che  right 
hose  was  slightly  harder  to  make  c.^ntact. 

By  far  the  dominant  factor  affecting  the 
workload  to  make  contact  using  Che  CF-llb  was 
Che  turbulence  intensity.  Again  as  for  the 
CF-188,  an  intensity  of  moderate  or  worse 
made  the  cask  of  making  contact  extremely 
di  f  £  icult . 

The  handling  qualities  in  the  FTZ  and  NFTZ 
were  found  to  be  acceptable  in  both  straight 
and  level  as  well  as  mane'.vering  flight  up  to 
a  30  degree  bank  turn.  On  the  right  hose, 
the  test  pilot  assigned  an  HQR  of  5  for 
making  contact  at  30  degree  of  bank,  No 
deficiencies  were  found  during  roormai  cr 
emergency  disconnects. 

The  .AAR  envelope  was  defined  tor  the  CF-116 
to  be  220  to  250  KIAS  from  500  ft  AGL  to 
20,000  ft  FA. 

Operational  Pilot  Obaervatlona 

Overall,  the  CF116  was  observed  to  he  an 
easier  aircraft  to  refuel  from  the  CC-13.''H'T' 
than  Che  CF-189.  This  provided  a  suitable 
learning  progression  for  student  pilots. 

This  claim  could  only  be  made  i  h.ough  in  calm 
air.  As  the  turbulence  intensity  worsened, 
the  CF-116  was  far  more  difficult  to  make 
contact.  One  pilot  remarked  t.h.at  a  student 
fighter  pilot  with  very  little  e.xperience 
would  not  possess  the  necessary  skill  to  make 
contact.  Another  pilot  remarked  that 
having  made  contacts  on  6  other  types  of 
tankers  including  the  KC-130,  the  <-'C'130H(T) 
required  all  his  skill  and  experience  to  make 
contact  in  light  to  moderate  turbulence. 
Further  complications  .are  expiected.  from 
fatigue,  however,  regular  training  will  be 
used  to  minimi-.e  the  effects  .jf  this  problem. 
The  soft  dr-ogue  was  found  very  appe.aling  to 
most  pilots  as  the  potential  for  receiver 
aiiciaft  damage  was  low.  This  resulted  in 
reduced  tension  in  the  cockpit. 

The  Canker  wake  caused  the  hoses  to 
outboard  of  the  pods  requiring  different 
refetences  for  making  the  precisi.cn  appr.  g.-h 
'  o  '  i.e  drogue.  One  pilot  remarke.i  that  there 
was  .1  tendency  tor  his  attenti.'ii  to  be  dt.awn 
he  propeller  arc  as  the  sepai.rtion 
oi stance  between  the  receiver  and  the  tanker 
was  small.  Finally,  this  close  di.star.ee 
prompted  the  remark  that  there  wa.s  .alot  of 
■metal*  in  the  receiver  pilc^t's  field  of 
view. 

Night  CoBpatlblllty 

The  initial  night  lighting  system 
consisted  of  a  strip  light  on  the  hori'ontal 
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stabilizer,  pod  bellmouth  light,  drogue  self- 
luminescent  emitters,  and  wing  tip  iiyiits. 

In  addition  the  receiver  aircraft  have  probe 
lights.  Sufficient  attitude  cues  were 
available  for  flying  in  trail,  making  station 
changes,  and  in  the  pre-contact  position. 
Moving  into  the  contact  position,  the 
horizontal  stabilizer  strip  light  provided 
satisfactory  longitudinal  cues.  Once  moved 
forward  into  the  FTZ,  though,  the  strip  light 
was  in  the  peripheral  vision  and  insufficient 
cues  were  available.  The  hose  markings  could 
not  be  seen  so  that  longitudinal  position  was 
very  difficult  to  maintain.  In  maneuvering 
flight  minimal  attitude  cues  were  available. 
The  scanner  in  the  cargo  compartment  also  had 
difficulty  seeing  the  receiver  aircraft  and 
hose.  The  right  hose  positions  placed  the 
receiver  2-3  ft  closer  to  the  tail  nf  the 
aircraft.  An  improved  lighting  system  is 
under  investigation  at  this  time. 

AAR  Lessons  Learned 

This  test  programme  war  conducted  safely  and 
resulted  in  the  successful  certification  of 
the  tanker  for  flight  and  providing  an 
initial  refuelling  envelope  for  both  the  CF- 
188  and  CF-116.  In  spite  of  several 
unexpected  hose  motions  no  damage  was 
sustained  to  any  aircraft.  The  joint 
contractor-customer  test  team,  was  efficient 
and  eliminated  the  requiremer.t  for  extensive 
Canadian  Forces  follow-on  flight  testing.  The 
following  are  a  number  of  lessons  learned 
worth  noting  for  future  tanker  compatibility 
trials. 

Tanker/receiver  comp.=j  t  ibi  i  i  ty  tri.als  ai- 
difficult  to  perform  precisely  as  they  ar^  L-y 
nature  1  i t.ac  i ve .  This  fact  lead  t--.- 
disagreement  during  interpre-tation  v-'ilot, 
c'^mments.  An  '■'pportunity  to  ptar'tis.?  the 
handling  qualities  tasks  is  essential  pi'i’.T 
gathering  pilot  ratings.  This  may  not 
ilways  he  possible  if  other  refu«='iiing 
t.-ir.kers  Jire  n'.^t  av.ailable.  Cu''*h  as  was  the 
in  tiiis  situation.  In  lieu  --.f  thir-, 

:■  ••f.-.-du  1  i:.;?  time  with  !  hie  t«^sL  air‘~iaf'  pin  : 

'  e;jt  runs  fna  data  was  sufiicie'it.  Tic- 
AAF  eva  1  u-r.  i oris  •in  f-e  sen.sitive  to 
•  in'i  f ''Chn iques  .  Arguably, 

■  •  ■■nr.enrs  ■  r;  r:p‘''r!sa'’ ns  .lui  in:^ 

'  she  ild  r.-  rm  r.h-  basis  t-.A  A/\F-  ? -'chn i gu*.- 


is  v*-':'’/  i  i  i  r  i  ."il  ’  i.)  gath"r  i-aige  ,if;K.uii'‘ s 
■:  1  f_r  defiriir.g  t  h*-  e:)v.d.,.p»-  pjeciseiy 

ii.d  i  d-r.r  1  f  y  L  r; all  the  handlirig  qualitie;^ 

■■  r,'-orri.i.  The  '•'--mpat  ibi  1  ity  trials  reji:i*.-d 
r  •:  f'’at  i '  iin  d  f'ur  airsrafr  •'•i  ncre  ,u;d 
af  irne?,  iiff,  ’ul*  r  .  r  <')  inat  e . 

-1'  ing  i'-""*;- i  V't  aircraft  ••sorties  wisp 
fa  i‘'fed  ct'-ws  in  I'-e  iif!i’-ulT  r.r.  .--.iiply 
within  rhe  tiir.e  ';onut :  .3  int.  s  1.-I  .3  contiactoi 
;:~h‘^dule.  derr;i;g  -- p.-.j.rp  ir.ri. . !  pi]..>ts 
inv.'Ived  ••-arly  iri  the  lev*- 1  .'.•pinenr  wis 
‘'n*.- f  i '' i .  i  ]  f‘.!  jadgirf.j  .^'-'.-epa  .il-i  i  i  ty  .  U  was 

n»- :  y  r  pr‘-m{,c  Micir  i -'S|  ’nse.s  with  w»d  ] 
■di'  r-n.-n  '■ruesti''ris  as  f  tiey  no  generally 
or.  r  arr.  1  1  ia  r  w  i '  fi  '■•xp*  r  i  n;faa  1 1  f  i  ighii  t  eut  ing  . 
Fiji  r  hf-r  :-i' u  Mie::*-  ;;,irn*’  sguadi'Ti  pilots  eari 
make  <'d;*orvar  i.-'ns  aft'-i  t  ho'  air-'raft  enf.;.in 
int^'  initial  -  •p'Tat  i. -na  I  s*.  i  v  i  e... ,  ji,  [n.  i 
this  has  beoci  the  -a;;*-'  f^'  t  ^  fie  >'t"  riOH(Tl 
where  minor  - 'br-vg  va''  iens  liav*-  bec*n  made  thaf 
weff*  rK.<t  seen  p  r  e  V  j -.u  .s  I  y  , 

Results  shoub'l  not  be  predetermine.}  or 
success  c-xpc'Cf<'d.  Rxpected  similarity 
between  th*^-  FPf.  system  and  the  .hargeant 


Fletcher  system  resulted  in  several 
surprises.  The  shorter  hose  length,  and  the 
strong  CF~186  bow-wave  coupled  with  the  light 
drogue  where  two  examples.  If  a  receiver 
aircraft  has  not  '^oer.  trialed  with  a 
particular  tanlter,  a  limiited  compatibility 
evaluation  should  be  undertaken  to  avoid 
surprises  in  operation.  This  is  especially 
the  case  for  wartime  multi-national 
operations  when  fatigue  may  be  high. 

It  was  very  difficult  to  judge  spatial 
formation  positioning  fet  quant  i  f  i  cat  i'.'n  if 
refuelling  positi.ons.  This  ws.s  aggrevated  by 
variations  in  hose  angle  .iue  T'C  airspeed  i.nd 
tripped  fuel  effects.  .R<'ugh  eg 

magnitude  comparisons  were  possibb,  with 
simp'le  scale  drawings.  hince  trair.ing 
techniques  need  to  be  developed,  :  jierat  iona  1 
pilots  are  familiar  wi^h  using  '.ving,  pc:J,  and 
receiver  canop*/  referen'''es  instea-i  ‘d'  usin;’ 
separation  distances. 

The  importance  of  the  eff.-^^rtn  :d  t..id:;  ien'e 
dur  ing  AAR  was  uri'ieresr  irnar.-^'d. 
unlcrtunatel V  added  .m  I::--;:..:;  n  •.  *^70 

test  matrix  in'*r'e.isii.g  r.b,e  ‘-'ffu'  t  • '..ri :  r  ed  . 
Turbulence  has  -r.-.i  c-'Tit  1  r-ues  ".  •  I  ini:  i-.-riai 
refuelling.  A  r.  ri.-t  i  -/i  1  "anker  vh  1  -h  r.cjy 
operate  at  low  altitudes  in  sev^g.^  w*-.a:h^.i 
condit  ion  must  be  assessed  :  "i.rure  the 
safety  of  the  receiver.  A  m.  r--  Feb-  \i  j 
design  may  also  w'-rMc/  •  :  c-u;- L  .•i-.g  ;c.  i . * 
reduce  pilot  comperic  .u  i  •  cp<...c  i  ..a  1  I  y  wh^r. 
t It  igued . 

Future  Activity 

A  r.umd.'er  '.'f  .  gt  1:.  i: 1  ►  ;  ;  i  :  c  iV'- 

m.i  :::  tes*i:..i.  Trb  v-  b.'u:-  i":vi.:y 
inbud*'*.-i:  C.iib.ii-.-  iV.  at-  ’  •  c*  iri.'.;  g  ••'r,-''  '■  uou 

en'j  i  t ‘•’•-•e  i ’.•‘■■g  .AAK;  cbn  i  1  iui^  :  n  ■.  t  '  he 
^extension  an  i  r  .g  j  n  e  i  •  n  ; 

h-M-o/  gi'ius  w.r-'ijr.'  :..-'tgv».g  i .ir.  i 1 
•p;  1 1  i  r  i  ^g- ;  and  ni.h;t  liJh*  i:..:  !■•'•••  !■  . 

Conclueione  and  Recommendationa 

Ti.iu.  p-ap^-t  prec-n*  «•  i  ’  i.. 

.i^'Vobq-in.gi^a  1  f  1  i  .;r.'  *  -•  •• 

;  '  1  '<  ,  ,H  (  T'  '  ank»g  ii-g 
ut  i  I  i  cat  i-.U;  rd  •  h*.-  rM!  Mf 
1  in.:  j  ■  d  i  '  Vi*-  ii-g 
d-iT:.  -nut  r a .  vjf  -1 :  r -w  .  j 

Ti  '.di  t  ie-v'l  hei  ■•ub.-u  w.u‘  !•  :• 

1  i  t  l  ef  u<"d  1  ir-g  .'-nv-'  b  ]  •  -c 
H  gr.-f  and  '"T  :  >•  Fi--  !  :• 
dev»^].'P-'d.  t.imi'  ^-d  :  :  ig; 
ill  pg  cp-arat  i-  -n  f  g  {  .g  i- 
MiV  -"anadian  K' 

Au  a  r  ecommieri'd.  1 1  !■  r.  :  r  bn  de-'.’.-i'  jni-'n"  .g 
tuLuio  AAK  px'-d  systems,  wio  p'Cta  ic  iii 
impiovement  would  !■-  t-.  rcik-'  :!>'•  hjc  c-'  cir  le 
a.'un-mbly  mc-r  sialb'  in  ‘utn-iib-n’  fli'C!-." 
c'.n.iit  ions  and  p'  ceb  iy  in  •  h-  b 'w  wav.'  g 
1  *"•■.' i  vei  1  i  1  ‘U  a  t '  . 
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HOSE  TRAIL  CHARACTERISTICS 


POD 


2’ ORANGE  BANDS 


HOSE  MARKINGS 


Figure  1.  Sidevlew  of  the  CC-130H(T)  Hercules  Tanker. 
(Hose  Length  Comparison  -  Mk-32/^rgeant  Fletcher) 
(Mk-32  Hose  Markings  -  below) 


FRL  MK  32B-751  Pod 
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FUEL  TRANSFER  ZONE 


NO-FUEL  TRANSFER  ZONE 

AIR  TO  AIR  REFUELING  POSITIONS 


Pre-Contact  Task: 

Desired:  one  aircraft  length 

behind  the  hose  within  half 
wing  span  of  the  drogue 
laterally  and  vertically. 
Adequate:  one  aircraft  length 
behind  the  hose  within  one 
wing  span  of  the  drogue 
laterally  and  vertically. 


Contact  Task: 

Desired:  contact  within  3 
minutes. 

Adequats:  contact  within  9 
minutes. 


FTZ  and  NFTZ  Formation  Tasks: 

Desired:  within  *!-  5  ft 
laterally  and  vertically 
of  nominal  hose  hang  position. 
Adequate:  within  W- 10  ft 
laterally  and  vertically 
of  nominal  hose  hang  position. 


Figure  4.  AAR  Mission  Task  Elements  and  the  Handling 
Qualities  Rating  Performance  Criteria. 


AOCQUACY  fOR  SELECTED  TASK  0« 
REOUiREO  OPETATiOM* 


OEMASOS  DM  tmE  pilot  Pilot) 

AlfiCRAFT  CHARACTERISTICS  ■  s£l£CT£D  TASK  OR  REOOlRED  OPERATION*  iRflTi 


COMPRESSOR  STALL  SENSITIVE  AREAS 

Area  A  Throttle  movement  into  or  out  of  AB  or  rapid  throttle 
advancement  to  MIL  not  recommended. 


Area  B 
Area  C 


Rapid  throttle  advancement  to  MIL  or  AB  not  recommended. 
Throttle  movement  not  recommended. 


Figure  6.  CF-116  J85-CAN-15  Engine  Compressor  Stall 
Caution  Area. 


I 


an  almost  identical  configuration  and 
preferably  be  of  a  comparable  age. 
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AIRSPEED  (KIAS) 

Figure  7.  Performance  Constrained  Refuelling  Envelope. 


40' 


CONTACT  POSITION 


FUEL  TRANSFER  ZONE 


CF-188  AND  CC-130H(T)  SEPARATION 
TOP  VIEW 

Figure  8.  Proximity  of  CF-188  to  the  CC-130H(T) 
In  the  Contact  and  Fuel  Transfer  Zone  Positions. 


CONTACT  POSITION 


:6- 


AIRSPEED  RANGE  240  TO  1 80  KEAS  WITH 
HOSES  EITHER  EMPTY  OR  FULL. 


Figure  10.  The  CC-130H(T)  Fuel  Transfer  Zone  Envelope. 


AIRSPEED  (KIAS) 


Figure  12.  CF-116  AAR  Envelope  Explored. 


r 


REPORT  DOCUMENTATION  PAGE 

_ 1 

1 .  Recipient’s  Reference 

2.  Originator’s  Reference  ' 

3.  Further  Reference 

4.  Security  Classification 

of  Document 

AGARD-CP-547 

ISBN  92-835-0726-6 

UNCLASSIFIED/ 

UNLIMITED 

5.  Originator  Advisory  Group  for  Aerospace  Research  and  Development 


North  Atlantic  Treaty  Organization 
7  Rue  Ancelle,  92200  Neuilly  sur  Seine,  France 

6.  Title 

RECENT  ADVANCES  IN  LONG  RANGE  AND  LONG  ENDURANCE 
OPERATION  OF  AIRCRAFT 


7.  Presented  at  {jig  Flight  Mechanics  Panel  Symposium,  held  in 

Kijkduin  (The  Hague),  The  Netherlands.  24th— 27th  May  1 993. 


8.  Author(s)/Editor($) 

Various 

9.  Date 

November  1993 

10.  Author’s/Editor’s  Address 

1 1 .  Pages 

Various 

322 

1 2.  Distribution  Statement 

There  are  no  restrictions  on  the  distribution  of  this  document. 

Information  about  the  availability  of  this  and  other  AGARD 
unclassified  publications  is  given  on  the  back  cover. 

1 3.  Keywords/Descriptors 

Airlift 

Propulsion  teehnology 

Long  distance  flight 

Aerodynamics 

Long  range 

Structural  design 

Long  endurance  flight 
Air  to  air  refueling 

Human  factors 

14.  Abstract 


Over  the  past  few  years,  the  use  of  aircraft  in  long  range  and/or  long  endurance  operations  has 
proved  to  be  a  successful  use  of  military  resources.  Tactical  strikes  mounted  from  bases  th(7usands 
of  miles  away,  or  the  use  of  long  endurance  patrol  aircraft  over  either  the  battlefield  or  maritime 
environment  demonstrate  the  ability  now  contained  in  the  NATO  operational  forces.  The  use  of 
military  airlift  to  position  forces  where  they  are  most  needed  clearly  is  another  operation  where 
the  range  and  endurance  of  the  aircraft  are  pivotal  to  the  success  of  the  operation. 

Technologies  which  improve  the  range  and  endurance  of  aircraft  have  seen  considerable  advances 
over  the  past  ten  years.  Aircrtift  design  for  these  features  has  matured  considerably  while  the 
procedure  of  air-to-air  refuelling  has  made  global  deployment  and  24-1-  hour  operations  a  reality. 


This  Symposium  attempted  to  summarize  the  latest  technological  advances  in  the  various  fields 
which  in  a  combined  manner  define  the  range  and  endurance  of  airborne  vehicles,  i.e.:  airframe 
design  technologies,  including  aerodynamics  and  structures;  propulsion  technology;  the  human 
factors  problems  associated  with  these  types  of  missions;  and  air-to-air  refuelling  technologies  and 
procedures. 

The  Symposium  was  opened  by  two  Keynote  Addresses,  the  first  covering  a  military  perspective 
on  long  range  and  long  endurance  operations,  and  the  second  describing  the  variety  of 
technologicai  and  human  challenges  involved  in  the  record  breaking  non-stop  flight  around  the 
world  of  the  Voyager  aircraft. 


This  Conference  Proceedings  document  also  contains  a  brief  Technical  Evaluation  Report. 
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